Rainfall analysis under changing climate regime in Qatar by Al-Mamoon, Abdullah
Rainfall Analysis under 
Changing Climate Regime in 
Qatar 
 
 
by 
Abdullah Al Mamoon 
B.Sc (Civil Engg.), M.Eng (Environmental Engg.) 
 
 
 
A thesis submitted in fulfillment of the requirement 
for the degree of 
Doctor of Philosophy 
 
 
 
 
 
 
 
 
 
 
 
School of Computing, Engineering and Mathematics 
Western Sydney University, Australia 
September 2018
  
 
 
 
 
 
Dedication … 
 
This Thesis is dedicated with extreme affection and gratitude to 
my late parents whose support and love is immeasurable. My 
memories of them remain an inspiration to me. 
 
I also hope that my work will be a source of inspiration to the 
young generation of engineers as a reminder that you are never 
too busy or too old to pursue your goals with innovation. 
Western Sydney University  ABSTRACT 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   i | P a g e  
 
ABSTRACT 
 
Rainfall data is needed in the planning and design of storm water infrastructure, 
hydraulic structures, flood management works and various environmental assessment 
tasks. Design rainfall is generally expressed by intensity-duration-frequency (IDF) 
curves. This thesis focuses on rainfall analysis, in particular, trends and variability in 
rainfall indices, selection of probability distributions in frequency analysis of rainfall 
data, uncertainty assessment and evaluation of climate change impact on design 
rainfall.  
In this research, Qatar, located in the arid region of the Gulf has been selected as the 
study area.  Rainfall data from a total of 35 rainfall stations from Qatar and nearby 
Gulf countries including Kingdom of Saudi Arabia, Bahrain, Oman and United Arab 
Emirates have been used in this study. A comprehensive quality check has been 
carried out in collating these rainfall data. Any station failing the quality assurance 
test is excluded from the analysis. It should be noted that different subsets of these 
stations have been used in the analysis and modelling presented in different thesis 
chapters.  
This research identified trends in rainfall data in Qatar using fifteen different rainfall 
indices by applying a combination of Mann-Kendall and Spearman’s Rho tests. It has 
been found that rainfall indices in Qatar have mixed trends (both positive and 
negative trends) throughout the country. Stations showing increasing trend in annual 
total rainfall are mainly located in the central part of Qatar. However, no relationship 
between spatial location and the elevation of rain gauges is found with the identified 
trends. Examination of trends in annual total rainfall during dry and rainy seasons 
shows that seasonal rainfall in Qatar is changing.  
This study identifies the best fit probability distribution for Qatar for annual 
maximum rainfall data based on fourteen different probability distributions and three 
goodness-of-fit tests. Based on a relative scoring method, the Generalized Extreme 
Value distribution is found to be the best fit distribution for majority of the selected 
stations. A modelling framework is also developed to quantify uncertainty in design 
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rainfall estimation arising from limited data length using Monte Carlo simulation and 
bootstrapping techniques.  
Results from bootstrapping on the observed annual maximum rainfall data show that 
the estimate of the mean rainfall is associated with the smallest degree of standard 
error, whilst skewness has the highest error level. The coefficient of variation (CV) 
of standard deviation estimate is found to be 12 times higher than that of the mean. 
Furthermore, the CV of skewness estimate is found to be 26 times higher than that of 
the mean. Based on the results of Monte Carlo simulation, it has been found that the 
confidence band (measure of uncertainty) increases with increasing “average 
recurrence interval” (ARI). The 100 year ARI design rainfall intensity has the highest 
degree of uncertainty among the six ARIs (2 to 100 years) considered in this study. 
This study assesses the impacts of climate change on the design rainfall estimation in 
Qatar based on Intergovernmental Panel on Climate Change’s most recent new 
generation of climate models. A total of 61 Global Circulation Models with 609 
emission scenarios are considered for the assessment. The results indicate an increase 
of up to 50% for the 100-year rainfall event from current to the intermediate scenario 
(2040-2069). The rate-of-change of the far future (2070-2100) is at similar level as 
the intermediate period.   
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CHAPTER 1 
1.0 INTRODUCTION 
 
1.1 Overview 
This chapter introduces the subject of this thesis which focuses on identification of 
changes in rainfall and uncertainty associated with design rainfall estimation under 
changing climate regime. It starts with the background of the design rainfall 
estimation, need for this research and research questions. Finally, the scope of the 
research and the structure of the thesis are presented. 
1.2 Background   
Design rainfall is a basic input to hydrological models used in estimating design 
flows. These are required in the planning and design of storm water infrastructure, 
hydraulic structures, flood management works and various environmental and 
ecological studies. Design rainfall is generally expressed by intensity-duration-
frequency (IDF) curves. In some countries, like Australia, design rainfall is known as 
intensity–frequency–duration (IFD) data. In design rainfall estimation, recorded 
rainfall data at many stations within the selected region are used to develop IDF 
curves by adopting statistical techniques such as regional frequency analysis.  
In Qatar and adjacent Gulf countries, although situated in arid region, flush flooding 
due to short duration intensive storm is not uncommon which often causes loss of 
human lives and significant damage to physical infrastructure. For example, floods in 
Saudi Arabia in 2009 (Arab News, 2009) and floods in Oman and Jordan in 2013 
caused significant damage (The Gulf Times, 2014). The 2009 Jeddah flood in Saudi 
Arabia, resulted from about 90 mm of rainfall over 4 hours (Arab News, 2009), 
caused many human deaths. A heavy downpour in Doha city of Qatar in late 
November 2016 flooded highway underpasses and many parts of the city (The Gulf 
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Times, 2016). Qatar also experienced a severe flash flood in 1995 (Memebery, 1997; 
Mamoon and Rahman, 2017). 
Water is a limiting resource in arid regions. In arid countries like Qatar, rainfall 
shows a higher degree of spatial and temporal variability with respect to intensity and 
duration (Bazaraa and Ahmed, 1991). The mean rainfall over 1962-2013 provided by 
the Meteorology Department of Qatar shows that the rainy season (December to 
May) could experience up to 20% decrease in rainfall, while the dry season (June – 
September)  may experience up to 30% increase in rainfall (QMD, 2016) due to 
climate change. The multi-model average of the Coupled Model Inter-comparison 
Project, Phase 5 (CMIP5) indicates that with global temperature increase of one 
degree, precipitation in Qatar will increase by 6-9% (IPCC, 2013).  It also exhibits 
high seasonal variability of precipitation around Qatar at the end of 21st century.  
Design rainfalls in a given region are generally derived based on historical rainfall 
data from a large set of gauged stations (Haddad et al., 2011; Haddad and Rahman, 
2014; Mamoon et al., 2014a). However, climate change can affect the magnitude, 
frequency and spatial variability of rainfall. Historical rainfall data analyses in many 
previous studies have found notable trends in different rainfall characteristics 
(Mamoon and Rahman, 2017).  
The characterization of trends in the arid region rainfall data appears to be a difficult 
task mainly due to the limited data availability at both a spatial and temporal scale, 
i.e. there are insufficient rain gauges within the region, and there are also inadequate 
recorded data at the current gauges (Modarresa and Silva, 2007). Studies on rainfall 
in the Arabian Peninsula showed evidence of greater variability in the case of Qatar 
(Mamoon and Rahman, 2017).  Mamoon et al. (2016) found an increase of 68 -76% 
for the 100-year rainfall event from current (2000-2029) to future scenario (2070-
2099) in Qatar due to climate change.  
The main issues related to rainfall data and design rainfall estimation in the arid Gulf 
region where Qatar is located, can be identified as follows: (i) large inaccessible and 
uninhabitable areas; (ii) lack of adequate network of monitoring stations (rain 
gauges); (iii) non-suitability of large areas for agriculture; (iv) poor data quality; and 
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(v) lack of the personnel for effective database management and analysis (Kwarteng 
et al., 2009). 
In deriving IDF curves, one of the primary steps is to find the best fit distribution at a 
particular station that enables prediction of design rainfall for a given annual 
exceedance probability (AEP). However, selection of the best fit distribution is not 
an easy task as there are many possible distributions that could be used. Furthermore, 
there are many parameter estimation methods available that could possibly be 
applied with a selected probability distribution (Haddad and Rahman, 2011). 
As compared to humid regions, estimation of design rainfall in arid regions is more 
challenging due to uncertainties associated with the derived IDF data.  Many 
attempts have been made to assess uncertainties in design rainfall estimation and 
rainfall-runoff modelling (Yen and Ang, 1971; Kavetski et al., 2006; Yu and Cheng, 
1998; Ewen et al., 2006; Meshgi and Khalili, 2009; Renard et al., 2010; Wu et al., 
2011; Hailegeorgis et al., 2013 and Tung and Wong, 2014).  
Main sources of uncertainties in design rainfall estimation include sampling 
uncertainty, uncertainty in statistical methods used in deriving IDF curves and 
uncertainty due to climate change. In many cases the quantity (long rainfall data 
series) and quality of recorded rainfall data are inadequate which introduces a 
significant uncertainty in the derived IDF data (Zhang et al., 2005; Nasrallah and 
Balling, 1993). There has been little research on the design rainfall estimation in 
Qatar e.g. selection of probability distribution, uncertainty analysis, trends in rainfall 
data and possible impacts of climate change on design rainfall estimation, which is 
the subject of this thesis.  
1.3 Need for this research  
Many countries in the world have carried out research on the derivation of IDF data 
such as Australia (I. E. Aust., 1987; Johnson et al., 2012), U. K. (NERC, 1975), USA 
(Bonnin et al., 2006; Trefry et al., 2005), Hong Kong (Yu and Cheng, 1998), Italy 
(Baldassarre et al., 2006), Denmark (Madsen et al., 2002, 2009), Malaysia (Zakarai 
et al., 2012), Iran (Avolverdi and Khalili, 2010) and Norway (Hailegeorgis et al., 
2013). In many countries, particularly in arid regions, the quantity and quality of 
recorded rainfall data are inadequate at temporal and spatial scale, which results in 
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significant uncertainty in the derived IDF data. Also, climate change brings another 
dimension of uncertainty in IDF analysis as some of the past data cannot be used 
with confidence due to non-stationarity of the rainfall data (Ishak et al., 2013; Seidou 
et al., 2012; Leclerc et al., 2007).  
The IDF relationship for Qatar was initially derived by Bazaraa and Ahmed (1991) 
which used rainfall data from only one station. More recently, the IDF data has been 
updated in Qatar using L-moments-based index frequency approach introduced by 
Hosking and Wallis (1993) (Mamoon et al., 2014a). 
Although there have been many studies on design rainfall estimation, the uncertainty 
in design rainfall estimation has not been incorporated in the final IDF curves in 
most of the previous applications; in particular for arid regions including Qatar. 
Numerous studies have been conducted around the world on the selection of 
probability distributions in flood frequency analysis (e.g. Cunnane 1989; Bobee et 
al., 1993; Johnson et al., 2012; Haddad et al., 2015); however, there have been 
limited number of studies on selection of probability distributions for design rainfall 
estimation in the arid regions including Qatar. Furthermore, previous studies on 
design rainfall estimation in the Arabian Peninsula adopted only few stations from 
Qatar. For example, Nasrallah and Balling (1996), AlSarmi and Washington (2011) 
and Zhang et al. (2005) adopted only one station from Qatar in their studies.   
Hence, there is a need to examine the rainfall data in Qatar for possible trends and 
the impacts of climate change on design rainfall estimates. A systematic comparison 
of probability distributions in deriving IDF data in Qatar is also needed. Furthermore, 
the uncertainty in design rainfall estimation in Qatar needs to be investigated. This 
thesis is aimed at investigating these important issues using available rainfall data in 
Qatar. The outcomes of this thesis will form the necessary scientific basis for 
enhancing the existing IDF data in Qatar and to support the preparation of Qatar 
Rainfall and Runoff (QRR), a new upcoming standard for Qatar. Since design 
rainfall is widely used in infrastructure design, the outcome of this thesis will 
contribute towards more resilient and safe infrastructure in rapidly developing Qatar 
under changing climate regime. The outcomes of this research will be useful in the 
planning and operation of physical infrastructures requiring information on rainfall, 
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such as urban and national highway drainage systems, flash flood forecasting and 
protection and environmental, ecological and climate impact assessment studies in 
Qatar and nearby countries. 
1.4 Research questions  
Based on the research need identified in Section 1.3, the research questions to be 
addressed in this thesis are: 
 Is there any temporal and spatial variability in the rainfall of Qatar? 
 Is there any trend in rainfall data of Qatar? 
 What is the best fit probability distribution for design rainfall estimation in 
Qatar? 
 How Monte Carlo simulation and bootstrapping techniques can be adopted to 
assess the uncertainty in design rainfall estimation in Qatar? 
 How the impacts of climate change can be incorporated into the estimation of 
design rainfall in Qatar using data from Global Climate Models? 
1.5 Summary of research undertaken in this thesis  
In order to answer the research questions outlined in Section 1.4, the following 
specific research tasks have been undertaken in this thesis, which are summarized in 
Figure 1.1: 
 Perform a critical literature review to identify research gaps on design rainfall 
estimation with a focus on arid regions covering trends in rainfall data, 
selection of probability distributions, uncertainty analysis and impacts of 
climate change.     
 Collate rainfall data from large number of stations in Qatar and neighbouring 
countries in the Gulf region. 
 Examine trends in the observed rainfall data by applying non-parametric 
trend tests. 
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 Compare the performances of a number of commonly used probability 
distributions and then identify the best fit probability distribution using a 
number of goodness-of-fit-test that can be adopted to derive design rainfall in 
Qatar. 
 Identify sources of uncertainties in the IDF estimates and develop a 
simulation framework for quantifying uncertainties associated with the 
estimation of design rainfall by using bootstrapping and Monte Carlo 
simulation techniques.  
 Assess the impact of climate change on design rainfall in Qatar based on the 
recent Global Climate Model data recommended by the Intergovernmental 
Panel on Climate Change (IPCC). 
 
1.6 Thesis outline 
The research undertaken in this study is presented in this thesis consisting of 
eight chapters and three appendices, as outlined below. 
 Chapter 1 presents a brief introduction to the study including background, 
need for this research, research questions and major tasks involved in this 
research. 
 Chapter 2 presents a critical literature review on various methods of design 
rainfall estimation including their assumptions, advantages and limitations. A 
review is then presented on various sources of uncertainties in design rainfall 
estimation and commonly used uncertainty analysis methods. This is 
followed by description of approaches adopted for assessing impact of 
climate change on design rainfall estimates by using data from Global 
Circulation Models and various statistical techniques. At the end, this chapter 
summarizes the findings of the literature review including gaps in the current 
knowledge on design rainfall estimation.  
 Chapter 3 presents the selection of study area and data collation procedure. 
At the beginning the topography, climate and flooding history in Qatar are 
presented. This is followed by selection of rainfall stations and data quality 
assurance procedure.  
Western Sydney University  CHAPTER 1 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   7 | P a g e  
 
 Chapter 4 presents the methodology involved in identification of trends in 
the rainfall data using non-parametric trend tests. It examines the nature of 
rainfall variability in Qatar and identified various rainfall indices relevant to 
this research. Results of the trend analysis are presented in this chapter. 
 Chapter 5 presents the methodology for selection of the best fit probability 
distribution in design rainfall estimation. This chapter identifies the best fit 
probability distribution in design rainfall estimation in Qatar by applying 
various goodness-of-fit tests. It also presents a sensitivity analysis on 
distributional choice by bootstrapping analysis.  
 Chapter 6 presents the development of the Monte Carlo simulation and 
bootstrapping based uncertainty estimation in the context of design rainfall 
estimation. It explores building models to approximate the functional 
relationship between the input data and the uncertainty of the model 
prediction i.e. rainfall quantile.   
 Chapter 7 presents an overview of recent works on the impact of climate 
change on design rainfall estimation. Based on the recent works, various 
climate models and their application are discussed. Thereafter, the 
methodology for updating IDF data under changing climate conditions using 
a climate model ensemble approach is formulated. Finally, the impact of 
climate change on design rainfall is assessed.  
 Chapter 8 presents the summary and conclusions of the research. Finally, 
recommendations for further research are presented.  
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Figure 1-1 Illustration of the major research tasks undertaken in this thesis 
 
 Conduct a critical literature review on design rainfall 
estimation 
 Identify gaps in the current knowledge 
 Establish the need for this research 
 Examine trends in rainfall using selected rainfall indices  
 Apply Mann-Kendall and Spearman’s Rho test to identify 
trends 
 Identify variation in seasonal rainfall 
 Apply different probably distributions and goodness-of-fit 
tests 
 Rank the distributions based on a relative scoring method 
 Identify the distribution(s) that best fits rainfall data 
 Develop a modeling framework to conduct uncertainty 
analysis using Monte Carlo simulation 
 Use bootstrapping to identify error in mean, standard 
deviation and skewness of observed rainfall data 
 Identify changes in confidence bands (measure of 
uncertainty) with respect to return periods. 
 Assess impact of climate change using latest GCMs and 
emission scenarios outlined in AR5 
 Draw data samples from selected  multi-model ensemble  
 Estimate the impact on design rainfall by projecting rate-
of-change between present and future IDF curves 
 Select study area and rainfall stations 
 Collate rainfall data 
 
 
2 
3 
4 
5 
6 
7 
 Summarise the study and draw conclusion 
 Recommendations for further research 
 
1 
 Provide background 
 Formulate research questions 
 Identify research tasks 
 
Western Sydney University  CHAPTER 2 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   9 | P a g e  
 
CHAPTER 2 
2.0 REVIEW OF DESIGN RAINFALL 
ESTIMATION 
 
2.1 Overview 
This chapter presents a review of various aspects of design rainfall estimation. It 
commences with definition of design rainfall, which is followed by data types used 
for design rainfall estimation, a brief description on regional frequency analysis 
approach, selection of best fit probability distributions and uncertainty analysis. This 
is followed by description of approaches for assessing impact of climate change on 
design rainfall by trend analysis and using data from Global Circulation Models. 
Finally, a summary of the literature review is presented.  
2.2 Definition of design rainfall 
Design rainfall is a probabilistic representation of rainfall intensity (depth of rainfall 
over a time period) at a given location for a given duration and average recurrence 
interval (ARI). The design rainfall is chosen under the general assumption that if the 
system is designed with the capability of accommodating the event at full capacity, 
the operation of the system will meet the design objectives (BOM, 2017).  Design 
rainfall is more commonly known as IDF data that plays an integral part in the 
planning and design of hydraulic and water infrastructures, bridges and large dams 
used for town water supply and  irrigation, flood control measures, hydraulic and 
hydrologic modeling  (Madsen et al., 2009).  
Design rainfall information is also given in the form of Probable Maximum 
Precipitation (PMP) and rare design rainfall estimates.  These are used in the design 
of high-consequence infrastructure such as dams, spillway adequacy of existing dams 
and flood mitigation structures. 
Many countries in the world have derived their own IDF data using a regional data 
set of rainfall stations over the country. The IDF curves are generated for various 
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frequencies, generally ranging from 2 to 100 years. An example of IDF curve for 
Doha International Airport Station, Qatar is shown in Figure ‎2-1. 
 
 
Figure ‎2-1 IDF Curves for Doha (MME, 2017) 
It should be noted that to use design rainfall/IDF curves in rainfall-runoff modelling, 
design temporal pattern data needs to be available at the given location; however, this 
thesis does not focus on derivation of design temporal patterns, hence it is not discussed 
further.  
2.3 Data types in design rainfall estimation 
Two types of data samples can be used for derivation of IDF data: annual maximum 
series (AMS) and partial duration series (PDS). The AMS is formed using the peak 
value occurring in each of the year’s record and PDS includes all the peaks that 
exceed a pre-defined threshold (Jarvis et al., 1936; Langbein, 1949; Chow, 1950). In 
hydrology, the use of AMS is very popular whilst that of PDS is not (Cunnane, 1973; 
Takeuchi, 1984; Ashkar et al., 1994; Rasmussen et al., 1994; Madsen et al., 1997; 
Elsebai, 2012; Trefry et al., 2005).  Some recent studies have considered these two 
kinds of sample and compared their performances (e.g., Katz et al., 2002; Smith, 
2003; De Michele and Salvadori, 2005).   
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The AMS data are more commonly used in design rainfall estimation as compared to 
the PDS data (Svensson and Jones, 2010; Ben-Zvi, 2009). The main advantage of 
AMS data is that they are more readily available and easy to extract whereas 
preparation of PDS requires a particular data preparation exercise with greater 
efforts.  However, Madsen et al. (2002) and Cunnane (1973) indicated that quantile 
estimates given by the PDS data have greater precision than estimates given by the 
AMS data, in particular for smaller ARIs. The obvious relative disadvantages of the 
two kinds of samples are that AMS neglects certain high discharges, while PDS 
might suffer from serial correlation (Jarvis et al., 1936; Langbein, 1949; Taesombat 
and Yevjevich, 1978). Since AMS method always contains one value per year, the 
very large events that are not the largest in a particular year are not be included in the 
data series (Haddad and Rahman, 2014). On the contrary, it is difficult to specify 
criteria for defining independent peaks (Rosbjerg, 1985) and determining an 
appropriate threshold value for extracting the PDS data series (Madsen et al., 1997). 
In this research, AMS data are used. 
2.4 Regional rainfall frequency analysis (RRFA) 
For estimation of design rainfalls (i.e. IDF data), regional rainfall frequency analysis 
(RRFA) methods can be used. The RRFA is preferred over the at-site estimation to 
achieve consistency in IDF estimation over the space. In RRFA, use of rainfall data 
from several sites and grouping the rain gauges into homogeneous regions allow to 
trade space for time (Stedinger et al., 1993). Moreover, a regional approach allows 
estimation of design rainfall at any arbitrary location within the region, in particular 
at ungauged locations. In RRFA approach, recorded rainfall data within a 
‘homogeneous region’ is pooled to compensate the scarcity of temporal data with the 
spatial data i.e. recorded rainfall data from other stations in the region. In a 
homogeneous region, it is assumed that all the sites within the region have same 
regional growth curve/factors, but the at-site scaling factor (e.g. mean or median 
value) is unique for each site which reflects at-site characteristics governing rainfall 
generation.  
The basic principle of RRFA approach is shown in Figure ‎2-2. Assuming that a 
region contains 4 rain gauges with different record length, analysing site 4 
individually would provide a record length of 45 data points. However, pooling of all 
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the observations from the 4 sites in one homogeneous region allows increasing the 
data to the sum of the observations from all sites, i.e. 100 observations in total if 
certain conditions are satisfied. 
The requirements under which data from individual sites can be pooled together are: 
 Observations at any given site are identically distributed; 
 Observations at any given site are serially independent; 
 Observations at different sites are spatially independent; 
 Frequency at different sites are identical apart from a scale factor; and 
 The mathematical form of the regional distribution is correctly specified.  
The major issues in the RRFA are: 
 Identification of homogeneous regions and estimation of growth factors;  
 Estimation of at-site mean value for ungauged site and for this development 
of prediction equation; and 
 Estimation of uncertainty in design rainfall estimates. 
 
Figure ‎2-2 Illustration of the RRFA principle 
 
Since the introduction of L-moments by Hosking and Wallis (1993), RRFA has been 
adopted widely in regional rainfall, flood and environmental flow analyses (e.g. 
Alila, 1999; Madsen et al., 2002; Hewa et al., 2007; Jakob et al., 2007; Lee et al., 
The RRFA statistical method 
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2010; Sarker et al., 2010; Yang et al., 2010; Haddad et al., 2011; Gabriele and 
Chiaravalloti, 2013; Pham et al., 2014). The advantages of L-moments are that they 
are less affected by outliers and extremes in the data (Hosking, 1990) and hence 
provide more accurate quantile estimates. Because more data are included in a 
regional analysis, greater accuracy and consistency are expected in the final quantile 
estimates. In addition, research has shown that even when moderate regional 
heterogeneity is present, a regional analysis would still yield much more accurate 
quantile estimates than an at-site analysis (Hosking and Wallis, 1988; Potter and 
Lettenmaier, 1990; Hosking and Wallis, 1997).  
2.5 Selection of probability distribution in design rainfall 
estimation  
In deriving IDF curves, one of the primary steps is fitting an appropriate probability 
distribution to at-site rainfall data. Selection of a probability distribution which gives 
the best fit to the observed rainfall or flood data is an important research topic in the 
field of statistical hydrology (Sharma and Singh, 2010). Finding the best fit 
distribution at a particular station enables prediction of design rainfall for a given 
AEP. However, selection of the best fit distribution is not an easy task as there are 
many possible distributions that could be used. Furthermore, there are many 
parameter estimation methods available that could possibly be applied with a 
selected probability distribution (Haddad & Rahman, 2011). 
Numerous studies have been conducted around the world on the selection of 
probability distributions in flood frequency analyses (e.g. Cunnane, 1989; Bobee et 
al., 1993; Johnson et al., 2012; Haddad et al., 2015). The most commonly adopted 
probability distributions for flood frequency analysis include Log Pearson Type 3 
(LP3), General Extreme Value (GEV), Extreme Value Type 1 (EV1), Log Normal 
(LN), Gamma, Pearson Type 3 (P3), Weibull and Generalised Pareto distributions 
(Cunnane, 1989; Bobee et al. 1993). Cunnane (1989) found that LN, LP3, EV1, EV2, 
P3 and GEV were the most frequently recommended distributions in flood frequency 
analysis. 
In contrast to flood frequency analysis, there have been limited studies on the 
selection of best fit distribution in design rainfall estimation. For example, Phien and 
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Ajirajah (1984) found LP3 as the best fit distribution for 1 hour to 31 days duration 
annual maximum (AM) rainfall data at 15 stations in Thailand, India, Laos and USA. 
Subyani and Al-Amri (2015) compared IDF data for 24-hour duration for Al-
Madinah City, Kingdom of Saudi Arabia using EV1 and LP3 distributions and found 
minor differences between the two sets of IDF curves derived from these two 
distributions.  
Sen and Eljadid (1999) noted that for monthly total rainfall data at 29 stations in arid 
regions of Libya, gamma distribution was the best fit distribution. Ogunlela (2001) 
found that LP3 distribution described the maximum daily rainfall data accurately for 
Ilorin in Nigeria. Zalina et al. (2002) conducted a comparative assessment of eight 
distributions in deriving IDF curves in Malaysia and found GEV as the best fit 
distribution. In another study in Malaysia, Wan-Zin et al. (2008) noted that AM 
rainfall data followed generalized logistic distribution for the majority of the selected 
50 rainfall stations. 
Tao et al. (2002) evaluated a number of probability distributions in Southern Quebec, 
Canada to identify a probability distribution that could be used to derive accurate 
design rainfall estimates. The GEV distribution was found by them as the best fit 
distribution for representing the AM rainfall data. Lee (2005) found that LP3 was the 
best fit distribution for the AM rainfall data for 50% of the selected 178 stations in 
Chia-Nan plain area in Taiwan. Kwaku and Duke (2007) noted that the log-normal 
was the best fit probability distribution for AM rainfall events of durations one to 
five days in Accra, Ghana. In another study, Olofintoye et al. (2009) found that 50% 
of the twenty stations analysed in Nigeria followed LP3 distribution for AM daily 
rainfall, and 40% and 10% of the selected stations followed P3 and log-Gumbel 
distributions, respectively.  
Sharma and Singh (2010) analysed 37 years of daily rainfall data in Patnagar, India 
and identified lognormal as the best fit probability distribution for the annual period, 
while GEV was found to be the best fit distribution in most of the weekly periods.  
In Australia, GEV distribution was adopted to derive IDF data in 2013 (Haddad et 
al., 2015; Johnson et al., 2012). In Qatar, Mamoon et al. (2014a) adopted P3 
distribution for 24-hour duration AM rainfall data to derive IDF data for Qatar 
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region; however, they did not adopt any goodness-of-fit test in the selection of 
distribution. Fadhilah et al. (2007) compared four probability distributions 
(Exponential, Gamma, Weibull and Mixed-Exponential) in selecting the best fit 
distribution for the hourly maximum rainfall for twelve rainfall stations in Malaysia.  
Parameters for each of the four distributions were estimated using the maximum 
likelihood method. The Mixed-Exponential distribution was identified as the best fit 
distribution for the hourly AM rainfall data.  
The above discussion highlights that for rainfall frequency analysis, different 
distributions have been found to be the best fit distributions in different parts on the 
world. Table 2-1 provides a summary of previously found best fit distributions in 
rainfall frequency analysis. 
Table ‎2-1 Summary of previous applications of probability distributions in 
rainfall analysis 
Study Data used 
Best fit/adopted 
distribution 
Country 
Phien et al. 
(1984) 
AM rainfall data (durations 
of 1 hour to 31 days)  
LP3 Thailand, 
India, Laos 
and USA 
Subyani et 
al. (2015) 
24-hour AM rainfall data  EV1 and LP3 Al-Madinah 
City, Saudi 
Arabia 
Tortorelli et 
al. (1999) 
15, 30, and 60 minutes and 
1, 2, 3, 6, 12, and 24-hours 
and 1, 3, and 7 days 
Generalized 
logistic and 
GEV 
Oklahoma, 
USA 
Green et al. 
(2012) 
1 to 12 hours, 1 to 7 days GEV Australia 
Sen and 
Eljadid 
(1999) 
Monthly total rainfall data Gamma Lybia 
Ogunlela 
(2001)  
Daily and monthly AM 
rainfall data 
LP3 Nigeria 
Zalina et al. 
(2002) 
AM rainfall data (1 hour 
duration) 
GEV Malaysia 
Wan-Zin et 
al. (2008) 
AM rainfall series (24-hour 
duration) 
Generalized 
logistic 
Malaysia 
Tao et al. 
(2002) 
GEV AM rainfall 
series (5 min 
and 1 hour 
duration) 
Southern 
Quebec, 
Canada. 
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Study Data used 
Best fit/adopted 
distribution 
Country 
Lee (2005)  LP3 AM rainfall 
data (24-hour 
duration) 
Taiwan 
Kwaku et al. 
(2007)  
Log-normal AM series (1, 2, 
3, 4 and 5 days 
durations) 
Ghana 
Sharma and 
Singh (2010)  
Log-normal AM series (24-
hour duration) 
Patnagar, India 
Johnson et al.  
(2012) 
GEV 5 min to 72 
hours durations 
Australia  
Fadhilah et 
al. (2007) 
Mixed-Exponential AM rainfall data 
(1 hour 
duration) 
Malaysia  
 
Mamoon et 
al. (2014a)  
P3 distribution AM 24 hour 
duration 
Qatar 
 
2.6 Uncertainty in design rainfall estimation  
 
 
  
 
2.6.1 Sources of uncertainties in design rainfall estimation 
Zadeh (2005) defined uncertainty as an attribute of information. This definition can 
be applied to hydrology, where uncertainty has traditionally been estimated using 
probability theory (Montanari, 2007). Uncertainty may be defined as a measure of 
the lack of accuracy concerning observed data and modelling outcome.  
In general, the uncertainty in design rainfall estimation and rainfall-runoff modelling 
can be divided into two main categories: (i) data and sampling errors and (ii) 
modelling or structural errors (Haddad and Rahman, 2014). The data uncertainty is 
originated from measurements errors resulting from instrumental and human errors 
and also due to inadequate representativeness of a data sample due to temporal and 
spatial variability of the data.  
This section is the partial reproduction of the following refereed journal paper: 
Mamoon, A.A. and Rahman, A. (2014). Uncertainty in Design Rainfall 
Estimation: A Review, Journal of Hydrology and Environment Research,  
Vol 2, No 1, pp65-75. 
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The use of a limited quantity of rainfall data (such as data of short record length) in 
the frequency analysis introduces sampling uncertainty. Due to sampling 
uncertainty, the estimates of higher order moments (such as skewness) become 
unstable, in particular due to the presence of extreme/outlier data points. The 
sampling uncertainty is transmitted to the establishment of rainfall IDF model, 
model coefficients and, eventually, to the design rainfall amount and adopted 
hyetograph (Tung and Wong, 2014). Uncertainty features of design rainfall via 
rainfall IDF model coefficients in the risk-based design of urban drainage systems 
were addressed in an earlier study by Yen and Tang (1976). Wu et al. (2011) 
addressed the cascade transmission of uncertainties starting from sampling errors to 
the analysis and design of drainage infrastructures as illustrated in Figure ‎2-3. 
The assumptions made during modelling may result in errors in the conceptual 
structure of the model. The choice of a model also introduces errors in predicting 
quantile of interest. The uncertainty in the model parameters is attributed to inability 
in accurately quantifying the input parameters for a model. The parameters obtained 
from the calibration process are also not free from uncertainty for various reasons 
including data uncertainty (data used to calibrate the model contain errors), 
insufficient amount of data from which the parameters in an assumed model are 
estimated, model uncertainty (the model structure used to calibrate the model is not 
adequate), and lack of sufficient data. 
In modelling hydrologic systems, there are two sources of random variation that may 
affect the estimated system outputs: (i) the natural temporal and spatial variability of 
climate and catchment factors being modelled; and (ii) the uncertainty in the 
definition of the model structure, the model inputs and estimated model parameters 
(Nathan and Weinmann, 2013).  
In general, hydrologic modelling is affected by four main sources of uncertainty 
(Renard et al., 2010): (i) input uncertainty, e.g., sampling and measurement errors in 
catchment rainfall estimates; (ii) output uncertainty, e.g., rating curve errors 
affecting runoff estimates; (iii) structural uncertainty (sometimes referred to as 
“model uncertainty”), arising from lumped and simplified representation of 
hydrological processes in hydrologic models; and (iv) parametric uncertainty, 
reflecting the inability to specify exact values of model parameters due to finite 
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length and uncertainties in the calibration data, imperfect process understanding and 
model approximations. 
Hailegeorgis et al. (2013) suggested that the regional frequency analysis of extreme 
precipitation events and hence derivation of IDF curves is subject to the major 
uncertainties of different sources:  
 Data series used: data quality, which is related to the questions like is the data 
series stationary and independent; and sampling of data, which are related to 
the time period and length of data series and the sampling type e.g. annual 
maximum series and partial duration series; 
 Selection of frequency distribution to describe the data; 
 Parameter estimation; and 
 Regionalization and quantile estimation. 
 
 
Figure ‎2-3 Propagation of uncertainties in hydrological modelling 
2.6.2 Uncertainty associated with regional rainfall frequency analysis 
For estimation of design rainfalls (i.e. IDF curves), regional rainfall frequency 
analysis methods are generally used. The RRFA is preferred over the at-site 
estimation to achieve consistency in estimation over the space. In RRFA, use of 
rainfall data from several sites and grouping the rain gauges in homogeneous regions 
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allow to trade space for time (Stedinger et al., 1993). Moreover, a regional approach 
allows estimation of design rainfall at any arbitrary location within the region, in 
particular at ungauged locations. In RRFA approach, recorded rainfall data within a 
‘homogeneous region’ is pooled to compensate the scarcity of temporal data with the 
spatial data i.e. recorded rainfall data from other stations in the region. In a 
homogeneous region, it is assumed that all the sites within the region have same 
regional growth curve/factors, but the at-site scaling factor (e.g. mean or median 
value) is unique for each site which reflects the variation of at-site characteristics 
governing rainfall generation. Principal steps of RRFA approach is illustrated in 
Figure ‎2-4. Types of uncertainties related to RRFA include the degree of 
homogeneity of the assumed region, number of sites in the region, record lengths of 
the individual sites and how the regional data is pooled.  
2.6.3 Uncertainty due to climate change 
Climate change can be defined as any change to atmospheric forcing resulting from 
human activities, including the emission of greenhouse gases as well as 
anthropogenic aerosols, whereas, climate variability is defined as changes resulting 
from ‘natural’ features of the climate (Ishak et al., 2013). Climate change has been 
affecting different aspects of hydrological cycle including rainfall and runoff 
(Wang et al., 2013). This can eventually lead to increased occurrence of extreme 
events such as rainfalls, floods, droughts, heat waves, and summer and ice storms 
(Simonovic and Peck, 2009; De Paola et al., 2013; Laz et al., 2014; Mamoon and 
Rahman, 2014; Mamoon et al., 2014b). Since there is a strong link between the 
global climate system and the hydrological cycle, a change in a component of the 
climate system will have a notable impact on the magnitude and frequency of 
hydrological extremes, including the potential for changes to rainfall. This 
challenges the assumption of stationarity, which is fundamental in frequency 
analysis of hydrological data (Milly et al., 2008; Westra and Sisson, 2011). Failure 
to take such change into consideration can undermine the usefulness of the ARI 
concept in hydrological frequency analysis (Khaliq et al., 2006). 
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Figure ‎2-4 Principal steps in regional rainfall frequency analysis (RRFA) 
The Intergovernmental Panel on Climate Change (IPCC) in its fourth Assessment 
Report (AR4) predicts more extreme climate towards the end of the century, which 
will impact the design of engineering infrastructure projects with a long design life. 
Since extreme rainfall data is used in the derivation of design rainfalls, which is 
used to design future drainage infrastructure, it has become an important research 
question whether the extreme rainfall at a given region will change in future due to 
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climate change and how this change will happen. As temperature increases, the 
evaporation will increase, which will result in an increase in intensity of heavy 
precipitation events in many regions globally, including some regions where 
average precipitation may even show a decrease (Meehl et al., 2007).  
The design rainfall estimates are made using the recorded rainfall data. It is 
however expected that the climate change will modify the at-site and regional 
rainfall characteristics, which will undermine the use of the past data to make 
realistic long-term projections. For example, the rainfall data statistics such as the 
mean or median may change due to climate change and hence the statistical 
distributional parameters or the parent distribution itself would change. Due to the 
non-stationarity of rainfall under changing climate conditions, the change of 
intensity for design storm under given duration and frequency has been observed in 
many regions (Willems and Vrac, 2011; Olsson et al., 2012).  
Attempts have been made by researchers in various parts of the world to update 
IDF relationship under changing climate conditions. For example, Simonovic and 
Peck (2009) applied two climate scenarios obtained as simulations outputs of GCM 
to assess the impact of climate change on extreme rainfall events for the city of 
London in Western Ontario, Canada. Comparison of updated IDF curves for 
climate change indicated that the rainfall intensity would most certainly increase 
under climate change scenario.  
Wang et al. (2013) assessed the impact of climate change on IDF data at 
Apalachicola River basin using seven regional climate models under emission 
scenario A2. Even though some models projected decreased rainfall intensity, the 
extreme rainfall intensity and frequency were projected to increase by most models 
at the study area. 
Mirhosseini et al. (2013) evaluated climate change impacts on IDF curves for 
Alabama using high-resolution projections (for 2038–2070) derived from 
dynamical downscaling of GCMs by regional climate models. Future IDF curves 
were constructed using 3-hourly precipitation data simulated by six combinations 
of global and regional climate models being temporally downscaled using a 
stochastic method. The results of all six climate models suggested that the future 
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precipitation patterns for Alabama were expected to veer toward less intense 
rainfalls for short duration events. However, for long duration events (e.g. 4 hours), 
the results were not consistent across the models. 
It should be noted that significant uncertainty is associated with rainfalls generated 
by climate models (Wang et al., 2013). This could be introduced by failure in 
improving long-term climate projection accuracy beyond what could be achieved 
by interpolating global model predictions onto a finer-scale landscape (Pielke and 
Wilby, 2012). The rainfall observation is generally obtained from weather stations 
which are point-based rainfall depth, but the rainfall depth from climate models is 
the average value at a very large spatial scale varying from 50 to over 300 km. Due 
to large grid size, climate models provide coarse rainfall data, not easily 
comparable with point rainfall data. 
2.6.4 Uncertainty analysis methods 
Many studies in recent years suggest a range of methods for quantifying 
uncertainties (Gupta et al., 2005; Hill et al., 2012; Renard et al., 2010; 
Pappenberger and Beven, 2006; Aster et al., 2012). A few of the numerous 
approaches for understanding and quantifying uncertainty are listed below: 
 Analytical methods (Tung, 1996). 
 Approximation methods e.g., first-order second moment method (Melching, 
1992). 
 Simulation and sampling-based Monte Carlo methods (Kuczera and Parent, 
1998; Burgman,  2005; Nathan and Weinmann, 2013). 
 Bayesian methods (Renard et al., 2010; Ye et al., 2008). 
 Methods based on the analysis of model errors (Montanari and Brath, 2004).  
 First-order variance estimation method (Tung and Yen, 2005) based on the 
Taylor series expansion.  
 Bootstrapping (Efron and Tibshirani, 1993). 
 Cross-validation approaches (Haddad et al., 2013). 
 Methods based on fuzzy set theory (Maskey et al., 2004; Zadeh, 1978).  
Uncertainty analysis methods in all of the above cases involve: (i) identification 
and quantification of the sources of uncertainty; (ii) reduction of uncertainty; (iii) 
Western Sydney University  CHAPTER 2 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   23 | P a g e  
 
propagation of uncertainty through the selected model; (iv) quantification of 
uncertainty in the model outputs; and (vi) application of the uncertain information 
in decision making process. However, Pappenberger and Beven (2006) noted that 
the practice of uncertainty analysis and use of the results of such analysis in 
decision making are not widespread. 
The Monte Carlo simulation technique is widely used in hydrology to assess 
uncertainty in the modeling (Abolverdi and Khalili, 2010; Zakaria et al., 2012). It 
allows the quantification of the model output uncertainty resulting from uncertain 
model parameters. The Monte Carlo simulation technique is based on the principle 
that model input variables are random instead of fixed values. The advantages of 
the Monte Carlo simulation technique are that this allows examining the impacts of 
many possible combinations of the input variables and model parameters in rainfall 
estimation.  
Zakaria et al. (2012) used Monte Carlo simulation technique to evaluate the 
performance between the simulated and calculated rainfall quantiles of specific 
recurrence intervals in Malaysia. Hailegeorgis et al. (2013) used non-parametric 
bootstrap resampling approach to quantify the sampling uncertainty in terms of 
interval estimates of quantiles (i.e. 95% confidence bounds). The interval estimate 
showed that there is a large uncertainty in quantile estimation due to sampling of 
data which needs to be incorporated in any frequency analysis based on historical 
data. The updated estimated quantiles and IDF curves with uncertainty bounds 
obtained from this study were found to be more reliable as compared to the existing 
IDF curves for the city of Trondheim, Norway.  
Various sources of uncertainties and their analysis methods are illustrated in 
Figure ‎2-5.  
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Figure ‎2-5 Classification and analysis of uncertainties in hydrological 
modelling 
 
Monte Carlo simulation 
Monte Carlo simulation is a technique for iteratively evaluating a deterministic 
model using sets of random samples as inputs. The term Monte Carlo was coined 
by S. Ulam and Nicholas Metropolis to capture the random properties of the 
Western Sydney University  CHAPTER 2 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   25 | P a g e  
 
roulette wheel played at Casinos in Monte Carlo, Monaco. This method is often 
used when the model is complex, nonlinear, or involves more than just a couple of 
uncertain parameters and simulation involving numerous evaluations of the model 
(Wittwer, 2004). 
Monte Carlo simulation has been widely used to determine the impacts of model 
and parameter uncertainty on simulation results; these are generally expressed in 
the form of confidence limits on hydrologic estimates (Rahman et al., 2002a). In 
Monte Carlo simulation, the inputs are randomly generated from probability 
distributions to simulate the process of sampling from an actual population. The 
data generated from the simulation can be represented as probability distributions 
(or histograms) or converted to error bars, reliability predictions, tolerance zones, 
and confidence intervals. The basic principle behind Monte Carlo simulation is 
schematically shown in Figure ‎2-56. 
 
 
Figure ‎2-6 The principle of Monte Carlo simulation 
The steps involved in undertaking a Monte Carlo simulation for analysing parameter 
uncertainty are outlined below: 
 Identify the probability distributions of the input variables and model 
parameters; 
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 Generate random values of each of  the variables from their respective 
probability distributions; 
 Run the model with each set of the generated input variables and generate a 
model output for the given set of model parameters;  
 Store the model outputs; 
 Repeat the steps until the convergence criterion is satisfied or total number of 
simulation is reached; and 
 Analyze the distribution of model outputs to derive cumulative distribution 
function and other statistical properties (e.g., mean and standard deviation).  
Some advantages of the Monte Carlo simulation technique are provided below: 
 Probabilistic results: Results show not only what could happen, but how 
likely each outcome is; 
 Graphical results: Because of the data a Monte Carlo simulation generates, it 
is easy to create graphs of different outcomes and their chances of 
occurrence; 
 Sensitivity analysis: In Monte Carlo simulation, it is easy to see which inputs 
had the biggest effect on bottom-line results; 
 Scenario analysis: Using Monte Carlo simulation, analysts can see exactly 
which inputs had been combined to generate certain outcome. This is 
invaluable for pursuing further analysis; and 
 Correlation of inputs: In Monte Carlo simulation, it is possible to model 
interdependent relationships between input variables. It is important for 
accuracy to represent how, in reality, when some factors go up or down.  
Although flexible, robust and conceptually simple, Monte Carlo simulation 
methods tend to be among the most computationally demanding (Hill et al., 2012) 
as they require a large number of model runs, time and resources to produce a 
reliable and meaningful uncertainty estimation.   
Bootstrapping 
Bootstrapping is a nonparametric statistical technique that allows computing 
estimated standard errors (bias variance), confidence intervals and hypothesis 
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testing (Efron and Tibshirani, 1993). Generally, it falls in the broader heading of 
resampling methods. It involves a relatively simple procedure, but repeated many 
times and hence it is heavily dependent upon computer power. 
This technique was introduced by Efron (1979a, 1979b) and further developed by 
Efron and Tibshirani (1993). The name “bootstrapping” originated from an old 
saying the phrase, “To lift himself up by his bootstraps.” This refers to something 
that is unworkable and impossible. In bootstrap, the samples are drawn randomly 
from the original sample with replacement. 
Generally bootstrapping involves the following basic steps: 
 Resample a given data set a specified number of times; 
 Calculate a specific statistic from each sample; and 
 Find the standard deviation of the distribution of that statistic. 
Bootstrapping technique intends to be a more general and versatile procedure for 
sampling distribution problems without having to rely heavily on the normality 
condition on which most of the classical statistical inferences are based (Tung and 
Wong, 2014). It is not uncommon to observe non-normal data in hydro-system 
engineering problems. Although the bootstrap technique is computationally 
intensive, such concern is diminishing as the computer power has been increasing 
with time. 
2.7 Impact of climate change on design rainfall  
There is now overwhelming evidence that anthropogenic emissions of carbon 
dioxide and other greenhouse gasses are changing the world’s climate. According to 
the Intergovernmental Panel on Climate Change, the global mean temperature has 
risen by nearly one degree Celsius in the last 100 years. Each of the last 3 decades 
has been successively warmer at the earth’s surface than any preceding decade since 
1850. Most scientists agree that the global temperature must be limited to less than 2 
degree Celsius to avoid catastrophic climate change. 
In addition to increased temperatures, climate change will cause changes in 
rainfall/flooding patterns and sea level rise.  As per IPCC (2013), the rainfall patterns 
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will be more extreme in the future; some arid regions will be even drier, and wet 
regions will be wetter.  
The impact of climate on future rainfall can be assessed using two approaches: 
 Based on the observed trends in the historical data and use non-stationary 
RRFA. 
 Based on the output of GCMs.  
2.7.1 Identification of trends in rainfall data 
The characterization of trends in the arid region rainfall data appears to be a difficult 
task mainly due to the limited data availability at both a spatial and temporal scale, 
i.e. there are insufficient rain gauges within a region and there are also inadequate 
recorded data at the current gauges (Modarresa and Silva, 2007).  
Historical rainfall data analyses in many previous studies have found notable trends 
in different rainfall characteristics. It is important to have the latest information on 
climate in a region to make a meaningful climate impact assessment, in particular 
with respect to climate change (IPCC, 2014). The existence of trends in rainfall data 
violates the assumption of stationarity, which is fundamental to frequency analysis of 
rainfall similar to other hydro-meteorological data (Milly et al., 2008; Westra and 
Sisson, 2011). If trends in rainfall data are ignored the essence of the ARI concept is 
undermined in rainfall frequency analysis (Khaliq et al., 2006; Laz et al., 2014). 
In accordance with the Fifth Assessment Report (AR5) of the IPCC, by the 21
st
 
Century (2081-2100) the average temperature on earth is likely to rise by 2.6
o
C to 
4.8
o
C (under RCP 8.5), relative to 1986-2005 (IPCC, 2014). As per IPCC (2014), the 
rainfall patterns will be more extreme in the future; some arid regions will be even 
drier, and wet regions will be wetter. 
Trend analysis is often adopted in evaluating the possible impacts of climatic change 
and climate variability on rainfall data (Adamowski and Bougadis, 2003; Leahy et 
al., 2004; Xu et al., 2007; Haddad et al., 2011; Almazroui et al., 2012a & 2012b; 
Ishak et al., 2013). Previous studies conducted in various parts of the world identified 
both positive and negative trends in rainfall data (Arnbjerg-Nielsen et al., 2013; 
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Clarke et al., 2011; Alexander et al., 2006, 2007; Chowdhury and Beecham 2010; 
Lazaro et al., 2001; Kumar et al., 2012; Partal, 2006). 
In the Arabian Peninsula, rainfall trend analysis appears to be a challenge task due to 
the limited availability of high-resolution, long record rainfall data of acceptable 
quality (Kwarteng et al., 2009; Zhang et al., 2005; Nasrallah and Balling, 1993; 
Sherif et al., 2013). Nasrallah and Balling (1996) suggested that a greater temporal 
and spatial variability of rainfall and a higher proportion of missing data at many 
stations make trend analysis difficult in the Arabian Peninsula. Furthermore, 
Kwarteng et al. (2009) identified additional problems in rainfall trend analysis in the 
arid regions, such as a larger proportion of uninhabitable areas, inadequate rain 
gauge density and a lack of skilled personnel for effective database management.  
AlSarmi and Washington (2011) examined trends in rainfall indices using data from 
21 stations across seven different countries in the Arabian Peninsula (Bahrain, 
Kuwait, Oman, Qatar, Saudi Arabia, United Arab Emirates and Yemen). In their 
study, mean annual rainfall at only two stations showed a significant decreasing trend 
over the region. A similar study carried out in the Arabian Peninsula using data at 23 
stations, covering two periods of time (1970–2008 and 1986–2008) showed a 
significant decreasing trend during the period 1986–2008 (AlSarmi and Washington, 
2013). They found that the trends in rainfall indices were insignificant except for the 
annual number of rain days (when precipitation exceeded 10 mm). Almazroui et al. 
(2012a) found both increasing and decreasing trends in rainfall data in Saudi Arabia 
covering a 32-year time period (1978-2009). 
Zhang et al. (2005) examined trends of rainfall data from 52 stations across fifteen 
countries in the Middle East region (including Qatar). They noted that rainfall indices 
were generally stationary. Kwarteng et al. (2009) found a negative (statistically 
insignificant) trend in Oman for the annual rainfall data. In Bahrain, Dhahran, and 
Saudi Arabia, no statistically significant trend was observed (Elagib and Addin 
Abdu, 1997; Rehman, 2010). Freiwana and Kadioglu (2008) observed insignificant 
decreasing trends for the monthly, seasonal and annual rainfall in Jordan. Rainfall 
data in arid and semi-arid regions of Iran were examined by Modarresa and Silva 
(2007) using annual and monthly rainfall and number of rain days from 20 rainfall 
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stations. They found mixed trends (i.e. both increasing and decreasing) and a 
seasonal shift of rainfall intensity in the study area.  
All these studies show that there are findings that contradict; however, it should be 
noted that conclusions of trend analysis depends on a number of factors, such as the 
selected test statistics, significance levels and the data types. 
Compared to other humid regions in the world, there have been a limited number of 
studies on rainfall trends in the arid regions of the Arabian Peninsula, mainly due to a 
lack of rainfall data. In particular, no comprehensive study on rainfall in Qatar has 
been undertaken before. For example, Narallah and Balling (1996); and Zhang, et al. 
(2005) adopted only one station from Qatar in their studies. 
Both parametric and non-parametric tests are carried out for trend analysis of rainfall 
data series. The most widely used trend tests are: Mann-Kendall (MK) test and 
Spearman Rho (SR) test (Ishak et al., 2013; Laz et al., 2014; Mamoon and Rahman, 
2014, 2017). The theoretical basis of these two tests is presented below. 
Mann-Kendall (MK) Test 
The most frequently used non-parametric test for identifying trends in hydrological 
time series data is the Mann-Kendall test (Mann, 1945, Kendall, 1975), which is a 
rank-based distribution-free method for identifying trends. 
The null hypothesis in the MK test states that the data (X1, X2, ..., Xn) are a sample of 
n independent and identically distributed random variables. The MK test statistic is 
given by: 
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where X represents a univariate time-series, i and j denote the time indices associated 
with individual values, n is the number of data points and sign is determined as 
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As documented in (Mann, 1945) and (Kendall, 1975), the statistic S under the null 
hypothesis is approximately normally distributed for n ≥ 8 with mean and variance as 
follows: 
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Where ti indicates a tie of length 1 to q and q represents number of tied groups. 
Under the null hypothesis, the standardized test statistic (ZS) defined in Equation 2.5 
and its corresponding p-value are approximately normally distributed: 
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ZS here follows a standard normal distribution. A positive value of Z indicates that 
there is an increasing trend and vice versa. A significance level α is also utilized for 
testing either an upward or downward trend (a two-tailed test). If ZS appears greater 
than Zα/2 where α depicts the significance level, then the trend is considered as 
significant. 
Spearman’s Rho (SR) Test 
This is a rank-based test that determines whether the correlation between two 
variables is significant. In trend analysis, one variable is taken as the time itself 
(years) and the other as the corresponding time series data (CRC). 
In the SR test, the null hypothesis (H0) is that all the data Xi in the time series are 
independent and identically distributed, while the alternative hypothesis (Hi) is that 
Xi increases or decreases with i, that is trend exists (Yue et al., 2002; Laz et al., 
2014). The SR test statistic D is given by: 
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where, Ri is the rank of i th observation Xi in the time series and n is the length of 
the time series. A positive value of SR
Z
 indicates an upward trend; while negative 
SRZ  indicate a downward trend in the time series. When ZSR > t(n−2,1−α 2⁄ )
, the null 
hypothesis is rejected indicating a significant trend in the time series. Here, 
t(n−2,1−α 2⁄ )
 is the critical value of the t distribution. 
2.7.2 GCM Models 
Climate models are a mathematical representation of the climate which are used to 
assess changes in extreme rainfall due to global warming under enhanced greenhouse 
conditions (Zwiers and Kharin, 1998). Climate models typically divide the globe into 
a grid, creating “gridboxes” for the oceans, land, and atmosphere, typically, having 
horizontal resolution between approximately 150-300km, 10 to 20 vertical layers in 
the atmosphere and sometimes as many as 30 layers in the oceans. The evolution of 
computer models has increased the number of vertical ocean and atmospheric layers, 
as well and reduced the size of each horizontal grid box. Current models now include 
up to 50 vertical layers, an increase in resolution from the time this image was 
generated (Ray et al., 2008). 
The Coupled Model Intercomparison Project Phase 5 (CMIP5) models are the 
‘standard’ climate models assessed in the AR5 published in 2013 (IPCC, 2013).  The 
CMIP5 models are a significant improvement over prior CMIP3 models (Randall et 
al., 2007) with generally higher spatial resolution.  For precipitation specifically, 
regarding Qatar, CMIP5 model results show that this area is at the high end of 
precipitation sensitivity to changes in average mean temperature (Figure 2-16). As to 
2081-2100 (Figure ‎2-7), the rainy season could experience up to 20% decrease in 
rainfall, while the dry season (SON) may experience up to 30% increase in rainfall.  
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Figure ‎2-7  Multi-model CMIP5 average percentage change in seasonal mean 
precipitation relative to the reference period 1986–2005 averaged over the 
periods 2081–2100 under the RCP8.5 forcing scenario. (Modified after IPCC, 
2013). 
The CMIP5 models include two types of simulations: (i) near-term simulations (10- 
to 30-year time horizon), and (ii) long-term simulations (century time-scale, up to 
year 2100 and beyond). There are comprehensive experimental strategies applied to 
CMIP5 models, especially to the long-term simulations. Figure ‎2-8 shows the 
schematic summary of CMIP5 long-term experiments with tier 1 (yellow) and tier 2 
(green) experiments organized around a central core. Experiments in the upper 
hemisphere are suitable for either comparison with observations or providing 
projections, while those in the lower hemisphere aim to provide insight of the climate 
system and model behavior (Taylor et al., 2011). The scenarios in the upper 
hemisphere are of interest for this study, as they are designed for comparison with 
observations or providing projection. 
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Figure ‎2-8 Schematic summary of CMIP5 long-term experiments (Taylor et 
al., 2011) 
 
There are 61 models from 22 modelling centres worldwide. Each model has been run 
with several emission scenarios. Typical scenarios are shown in Figure 2-8, and in 
total there are 609 scenarios available according to the CMIP5 homepage 
(http://cmip-pcmdi.llnl.gov/cmip5/availability.html). 
Emissions scenarios are estimates of future releases into the atmosphere of 
greenhouse gases, aerosols, and other pollutants and, along with information on land 
use and land cover, provide inputs to climate models for determining the impact of 
climate change in the future. The assessment in IPCC’s AR5 is built on the 
Representative Concentration Pathways (RCP), which for the first time include 
scenarios that explore approaches to climate change mitigation. The RCPs are 
formulated based on a range of projected population growth, technological 
development, and societal responses. The label with RCP indicates the approximate 
estimation of the radiative forcing in the year 2100 (relative to preindustrial 
conditions). There are four RCPs in CMIP5 model, with the high emission scenario 
designated as RCP85. This kind of scenario has a radiative forcing increase of 8.5 W 
m-
2
 at the end of this century. Additionally, there are two intermediate scenarios, 
RCP45 and RCP60, and a low so-called peak-and-decay scenario, RCP2.6, in which 
Western Sydney University  CHAPTER 2 
 
Rainfall Analysis Under Changing Climate Regime in Qatar   35 | P a g e  
 
the radiative forcing reaches an eventual nominal level of 2.6 W m-
2
 at the end of 
this century (Taylor et al., 2011). 
There are differences between the predictions from GCMs due to different focus and 
uncertainties related to climate modeling. Therefore, to provide a more robust 
estimate of the future climate, it is common to use all or some of the GCMs to find 
the average consequences, by given individual weight on the different results and 
parameters found in the chosen GCMs. It is not recommended to use only one GCM, 
but to use a weighted average or more models to see the span and variability (Duan 
and Phillips, 2010; Miao et al., 2013).  
The grid sizes in the climate change models are large and the model will provide 
coarse rainfall data, not easily comparable with point rainfall data, rainfall on smaller 
catchments or especially when short duration and much localized intense events are 
considered. Their temporal scales are sometimes incompatible with temporal scales 
of interest at the local level. Therefore, in order to use GCMs output to compute 
statistical indices related to extreme rainfall events in a future climate, results from 
GCMs (temporally and spatially) are downscaled appropriately for the area under 
consideration (Haberlandt et al., 2015; Easterling et al., 1999; Herath et al., 2016).  
It should be noted that significant uncertainties are associated with climate model 
projections. The most probable sources of uncertainties include the choice of GCM’s, 
climate downscaling techniques/methods, emission scenarios, model structure and 
parameters ( Mamoon et. al., 2014b; Mandal et al., 2016; Sellami et al., 2016).   
2.8 Summary 
The design rainfall is an important input to the design of urban and rural water 
infrastructure projects, water resources management and flood studies. 
In design rainfall estimation, selection of an appropriate probability distribution for 
frequency analysis of the observed rainfall data is an important task. For this, a 
number of candidate probability distributions are selected and their adequacies are 
tested for the given rainfall data set using a number of goodness-of-fit tests. 
Although there are many studies on comparison of probability distributions in flood 
frequency analysis, there are limited studies on distributional choice in rainfall 
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frequency analysis. Hence, this research will focus on selection of the best-fit 
probability distribution(s) in design rainfall estimation using data from Qatar.  
Design rainfall is estimated based on the observed rainfall data which are often of 
limited record lengths at limited number of gauged locations. This inadequate data 
(at temporal and spatial scale) introduces uncertainty in the estimates of design 
rainfalls. Furthermore, a second source of uncertainty arises from the development of 
regional frequency analysis model where selection of probability distribution and 
parameter estimation procedure also introduces uncertainty. A third source of 
uncertainty arises from the impacts of climate change on rainfalls. There are different 
statistical techniques to quantify the uncertainty in design rainfall estimates. Among 
these, Monte Carlo simulation and bootstrapping are the most commonly adopted 
techniques. The main advantages of these two techniques are that they can explicitly 
account for the uncertainty in the input data and model parameters by accounting for 
the correlations. It has been found that there has been limited research on the 
uncertainty aspect of the design rainfall estimation in particular in the arid region 
where rainfall shows a high degree of variability. Hence, this research will develop a 
comprehensive statistical framework of uncertainty estimation in the estimation of 
design rainfall in Qatar by Monte Carlo and bootstrapping methods. 
Due to climate change, rainfall intensity and frequency are changing at many 
locations around the globe. In the arid regions, there have been limited studies on the 
impact of climate change on design rainfall estimation due to insufficient data. 
Hence, this research will identify trends in rainfall data in Qatar and will assess the 
impact of climate change on design rainfall estimates using data from the latest IPCC 
recommended GCMs.  
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CHAPTER 3 
3.0 STUDY AREA AND DATA 
 
3.1 Chapter Overview  
Data collation is an important step in any hydrological study. This chapter initially 
describes the study area, its climate, topography and hydrologic characteristics. This 
is followed by description of selection criteria of rainfall stations, data quality 
assurance and descriptive statistics of the selected rainfall data. 
3.2 Location 
This study focuses on Qatar, which is located on a peninsula surrounded by the 
Arabian Gulf. It borders Saudi Arabia on the south and is in close proximity to the 
Gulf of Bahrain to the northwest. The peninsula has an area of 11,571 km
2
, and it 
projects approximately 160 km northwards into the Arabian Gulf.  Qatar also 
includes a range of islands, the largest being Halul, which is a hub for the oil and gas 
industry. 
Qatar is mainly arid (Norton et al., 2009), with large areas of urban development, the 
majority of which occurs on Qatar’s east coast. The largest urban development is 
Metropolitan Doha, which comprises of five different municipalities: Doha, Al 
Rayyan, Al Da’ayen, Umm Salal and Al Wakra. Other key settlements in Qatar 
include Al Khor, Al Shamal and Industrial Cities (Mesaieed, Ras Laffan and 
Dukhan). Qatar has seen unprecedented population growth since 2000. According to 
the estimate of the Ministry of Development Planning and Statistics, Qatar, the 
current population of Qatar as of July 2017 is around 2.47 million with a population 
density of 208.4 people per square kilometer. The location map of Qatar in the gulf 
region is shown in Figure ‎3-1. 
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Figure ‎3-1 Location Map of Qatar (mapsofworld) 
 
3.3 Topography 
Most of Qatar is a low barren plain, covered with sand. Qatar peninsula is dominated 
by flat to gently undulating calcareous rocks with sand formations occurring in the 
southeast (Norton et al., 2009). Key geological features include small mounts (jabals) 
in the south that rise to over 100 m above sea level and a rocky Miocene ridge that 
extends from Dukhan to near the southern border on the west coast (Norton et al., 
2009).  
3.4 Climate 
The Arabian Gulf is situated in the semi-arid region, north of the Tropic of Cancer 
between latitudes 24.0 and 30.0 N and longitudes 48.0 and 57.0 E, a region that 
encompasses most of the earth’s deserts. These latitudes mark a region between the 
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tropical trade-wind circulation and the weather systems of mid-latitudes, where 
sinking dry air produces the clear skies and arid conditions of the Middle East. 
Temperatures are high, though winters may be quite cool (10 ˚C) in the north-
western extremities (Abulfatih et al., 2001). The little cloud cover that exists is more 
prevalent in winter and thunderstorms and fog are rare, while dust storms or haze 
occur frequently in summer (Reynolds, 2002). The Gulf region has unique “Shamal” 
(northwesterly wind), which typically originates in the northwest and spread south 
along the axis of the Gulf during both winter and summer. The winter Shamal 
occasionally sets in abruptly with great force and speeds above 10 m/s. Gale force 
Shamals occur once or twice each winter. Shamals can reach up to 153 km/hr 
resulting in dust storms, haze and an average deposition of an estimated 1002.7 t/km
2
 
of sediment in the Gulf on an annual basis (Khalaf and Al Ajmi, 1993).  
The Qatari climate is arid and characterized with few annual rain events concentrated 
in the period from October to May. The months from June to September are usually 
completely dry. The precipitation varies over the country with the highest rainfall in 
the northern part and lowest rainfall in the southern part of Qatar close to the border 
with Saudi Arabia.  The average annual maximum daily rainfall ranges from 24 mm 
in the southern region of the country to 29 mm in the northern region. The spatial 
variation of average annual maximum daily rainfall in Qatar is shown in Figure ‎3-2. 
The average annual rainfall measured at Doha International Airport from 1962 to 
2011 is 76.5 mm/year. For comparison, the average annual rainfall at nearby airports 
such as Bahrain International Airport, Manama, is 79.3 mm/year (1948-2011) and at 
Sharjah airport, UAE, 101.4 mm/year (1934-2011).  
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Figure ‎3-2 Spatial variation of average annual maximum daily rainfall (mm) 
in Qatar (MMUP, 2013) 
Similar to other Arabian Gulf countries, the precipitation in Qatar is characterised by 
significant year to year variation in intensity and volume. The variation in annual 
rainfall in Qatar is shown in Figure 3-3. As can be seen there are years that are nearly 
completely dry and years with more than 200 mm annual precipitation. The mean 
historical monthly rainfall during 1972-2011 is shown in Figure 3-4.  
 
Figure ‎3-3 Overview of annual rainfall in Qatar (MME, 2017) 
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Figure ‎3-4 Mean monthly rainfall in Qatar (QMD, 2016) 
Qatar experiences high temperatures during the summer from May to September and 
moderate temperatures during winter (from October to April) with semi-dry 
condition. During summer, the temperature can reach up to 50
o
 C. The monthly 
average temperature and relative humidity are shown in Figure 3-5. The relative 
humidity varies significantly from 20% to 90%. Further, the natural evaporation rate is 
high, about 2000 mm/year (Darwish, 2015). 
 
Figure ‎3-5  Overview of daily, minimum and maximum temperature and 
relative humidity in Qatar (MMUP, 2013) 
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3.5 Hydrology and flooding 
3.5.1 Flooding in arid regions 
Many regions around the globe are classified as arid. Although arid regions are dry 
with little or no rainfall, when it does rain, it is likely to be of short duration and high 
intensity. This type of rainfall can be very damaging, resulting in erosion, high runoff 
and flooding (Sen, 2008). In arid regions, rainfall shows a higher degree of 
variability with respect to intensity and duration over space and time (Noy-Meir, 
1973). 
Floods in arid regions are generally caused by storms of high intensity over a small 
part of the catchment, and as a result the variability of flood is much greater from 
year to year and from site to site in arid regions than elsewhere (Farquharson et al., 
1992; Cordery and Fraser, 2000). 
In dry climatic regions, rainfall is highly variable and may be of high intensity over 
short duration (Morin et al., 2014), which causes flash-floods. For example, the 
devastating flood event of 25 November 2009 on East Jeddah resulted in 122 deaths 
and sweeping of over 3000 cars (Wikipedia, 2013). Pictures of flooding in KSA in 
2009 are shown in Figure 3-6. 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3-6 2009 Jeddah Flood, Kingdom of Saudi Arabia (KSA) 
(The National, 2012) 
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3.6 Flooding in Qatar 
Qatar is classified as ‘largely an arid, desert area with a hot, sunny climate, receiving 
minimal rainfall, which is often sporadic in occurrence’ (Norton et al, 2009). The 
runoff characteristics in non-urban areas of Qatar are determined by its aridity, low 
relief, and mainly sandy soil type. These factors result in infrequent runoff and a lack 
of perennial streams. 
Large floods in arid regions are considered to be ‘the only hydrologic process that 
generates large volumes of water for surface storage and groundwater recharge’ (Al-
Qudah, 2011). This has led to flooding being viewed as both a key water resource 
and a hazard (Al-Qudah, 2011). 
In urban areas within Qatar, overland flows resulting from significant rainfall events 
generally make their way to the urban road and drainage network. Some common 
issues relating to flooding in urban areas of Qatar include insufficient sub-surface 
drainage capacity, exceedance of the existing road drainage capacity and damaged or 
leaking drainage pipes and blocked gutter. Flooding in various parts of Doha city is 
shown Figures 3-7 to 3-10. 
 
 
Figure ‎3-7 Flooded property in West Bay and Najma area, Doha, Qatar  
(MME, 2016) 
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Figure ‎3-8 Flooding in the Gold Souq, Doha, Qatar (MMUP, 2014a) 
 
Figure ‎3-9 Flooding at an underpass on Salwa Road, Doha, Qatar  
(The Gulf Times/Doha News, 2014) 
 
 
Figure ‎3-10 University petrol station area in Doha, Qatar 
(Timeout Doha, 2015) 
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3.7 Soil, groundwater and infiltration characteristics of Qatar 
3.7.1 Soil 
The soils in Qatar are generally shallow, consisting of sands, silts and gravels 
(Norton et al., 2009). The Atlas of Soils for Qatar estimates that there are 68,716 ha 
of soils suitable for arable farming, with 23,903 ha already being utilised by farms 
and a further 44,813 ha is not currently utilised (QNFSP, 2011). 
Soil suborder and different soil subgroups have been classified in accordance with 
US Department of Agriculture’s (USDA) soil taxonomy. The varying physical 
properties of each soil type has aided the classification of soils and these physical 
properties are likely to dictate the hydraulic properties of soil which influence the 
different surface runoff, infiltration and recharge processes (DAWR, 2009c). 
Table ‎3-1 shows the characteristics of soils in depressions across Qatar, as found by 
Babikir (1986). Natural depressions in the northern part of Qatar have higher clay 
content than those in the central and southern parts of Qatar. The soils in the 
depressions in the southern part of Qatar have the highest sand content.  
Table ‎3-1 Characteristics of the soils in depressions in Qatar  
(DAWR, 2009c) 
Location 
Northern 
Depression 
Central 
Depression 
Southern 
Depression 
Depth (cm) 0-30 30-60 0-30 30-60 0-30 30-60 
% moisture 
content 
9.21 10.25 5.6 6.4 1.57 2.62 
% clay 43.9 44.4 38.7 37.4 7.08 15.9 
% silt 20.4 17.7 26.6 26.6 3.2 7.5 
% sand 36.02 39.02 34.5 35.8 89.6 76.5 
 
3.7.2 Groundwater 
Qatar has a shallow groundwater system that is a highly heterogeneous karstic 
system (DAWR, 2009a). Three major aquifer systems have been identified in Qatar 
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and these consist of Dammam, Rus and Umm Er Radhuma (CH2M Hill, 2004). The 
locations of these aquifer systems are provided in Figure ‎3-11. 
 
 
Figure ‎3-11 East-west hydrogeological cross-section in the tertiary aquifer 
across west Qatar and eastern Saudi Arabia (Alsharhan et al., 2001) 
Groundwater is an important resource in Qatar, and given the prevailing arid climate, 
the associated aquifer recharge is characteristically slow. Groundwater is being 
abstracted from over 4000 different domestic and agricultural wells (DAWR, 2009b). 
One of the agricultural uses for this groundwater is irrigation, which has influenced 
the hydrochemistry of the groundwater (DAWR, 2009b). Land in Qatar is currently 
being irrigated with saline water; this not only leads to salinisation of the soils, but 
also eventual flushing of the soils, pesticide and fertiliser load (DAWR, 2009b). 
Major sources of pollution in the Gulf originate from oil production, exploration and 
transportation and also municipal and petrochemical industry effluents. The inshore 
area generally has `hotspot’ pollution areas associated with urban centers and 
industrial complexes (Abuzinada, 2008).  
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3.7.3 Infiltration 
Gemmell (1976) reported on the various infiltration rates in Qatar associated with a 
number of depressions of varying morphology and degree of anthropogenic 
modification. The average mean infiltration rate for all of the sites monitored was 
found to be 1.62 mm/hr, with a minimum of 0.5 mm/hr and a maximum of 4.7 
mm/hr. It was demonstrated that infiltration rates were highest in depressions where 
the soil had been disturbed or removed and reached infiltration rates up to three times 
higher than in depressions which possessed their original deposits (DAWR, 2009c). 
Eccleston et al. (1981) reported that infiltration rates in the southern part of Qatar 
where sand dunes occur may be in the order of 100 mm/hr to 150 mm/hr, although 
no reference is made on how these values were derived. Lange & Leibundgut (2003) 
provide a generic constant infiltration rate of 100 mm/hr for bare coarse sands in 
desert regions (DAWR, 2009c). 
3.8 Selection of Rainfall Stations  
3.8.1 Sources of rainfall data 
Rainfall data were obtained from several ministries and government authorities in 
Qatar and other neighboring countries of the Gulf that includes Bahrain, Oman, 
Saudi Arabia, and the UAE.  The list of rainfall data sources is shown in Table ‎3-2. 
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Table ‎3-2 Rainfall data sources 
 
In this study, a total 35 rain gauges are used with rainfall data ranging from 1962 to 
2011. However, subsets of these stations are used in different analyses presented in 
different chapters of this thesis. The selected rainfall stations with record lengths, 
location coordinates and elevations are shown in Table 3-3.  
 
 
 
 
 
 
Country Entity 
QATAR Qatar General Electricity and Water Corporation (Kahramaa)  
Qatar Ministry of Environment  
Qatar Ministry of Municipality and Environment  
Qatar Public Works Authority (Ashghal)  
Qatar Civil Aviation Authority  
BAHRAIN Bahrain Bahrain Civil Aviation Affairs, Meteorological 
Directorate  
OMAN Omani Public Authority for Civil Aviation  
Omani Directorate General of Civil Aviation and Meteorology  
Omani Ministry of Regional Municipalities and Water 
Resources  
UNITED 
ARAB 
EMIRATES 
Emirati National Center of Meteorology and Seismology  
Emirati - Sharjah Civil Aviation Authority 
KINGDOM 
OF SAUDI 
ARABIA 
Saudi Ministry of Water and Electricity 
Saudi Presidency of Meteorology and Environment 
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Table ‎3-3 Description of selected rain gauges used in this study 
Station 
ID 
Station Name Country 
Data 
Length 
(Years) 
Latitude 
(Degree) 
Longitude 
(Degree) 
Elevation 
(m) 
1 Al Ruwais Qatar 38 26.13 51.21 6 
2 Rodhat Al Faras Qatar 39 25.82 51.33 14 
4 Al Nasraniyah Qatar 38 25.41 51.07 36 
5 Umm Bab Qatar 39 25.21 50.83 22 
6 Mile 32 Qatar 37 25.17 51.05 50 
7 Decca Qatar 37 25.16 51.31 38 
8 Al Jamiliyah Qatar 36 25.62 51.08 34 
10 Mesaieed Qatar 24 25.01 51.54 4 
11 Al Karaana Qatar 39 25 51.1 48 
12 Al Khararah Qatar 39 24.92 51.14 54 
13 Al Amiriyah Qatar 38 24.82 51.08 38 
14 Traina Qatar 38 24.77 51.21 50 
15 Abu Samra Qatar 35 24.75 50.83 2 
16 SaudaNithil Qatar 32 24.54 51.08 13 
17 Wadi Al Wasa Qatar 37 25.45 51.42 15 
18 Umm Saikah Qatar 39 25.96 51.09 14 
19 Al Utoriyah Qatar 30 25.52 51.21 35 
22 Al Majidah Qatar 39 25.87 51.23 24 
24 Umm Al Shokhot Qatar 37 25.69 51.38 20 
25 Dokhan Qatar 39 25.42 50.79 28 
26 Umm Al Afaiye Qatar 38 25.37 51.32 25 
27 Umm Al Mowagie Qatar 37 25.28 51.21 40 
28 Al Siliyah Qatar 39 25.21 51.4 30 
29 Al Wukair Qatar 37 25.15 51.52 6 
30 Montaza Park Qatar 33 25.27 51.53 10 
31 Doha Airport Qatar 49 25.26 51.57 11 
32 RodhatHarma Qatar 28 25.43 51.31 24 
34 Al Khor Qatar 27 25.69 51.51 6 
35 Al Ghuwairiyah Qatar 23 25.83 51.25 18 
100 Manama Airport Bahrain 67 26.27 50.65 2 
200 Sharjah Airport UAE 22 25.33 55.4 5.5 
403 Dammam KSA 49 26.5 50 4.7 
416 Hofuf KSA 33 25.47 49.57 126.9 
417 Al Qusaybi KSA 13 25.08 48.13 435.1 
419 Salwa KSA 47 24.74 50.76 2 
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3.8.2 Types of Rain Gauges 
The rain gauges from where the rainfall data are obtained include simple standard 
rain gauge, pluviometer with a rotating drum and tipping bucket with rain gauge 
recorder chart. The ordinary rain gauge consists of a funnel and plastic bottle inside a 
metal housing (Figure ‎3-12). This type of rain gauge is used for daily rainfall 
measurements. The rainfall is collected every three hours and summed up to daily 
records. Tipping buckets are rain gauges, which can record continuous rainfall. Each 
tick of the tipping bucket generally corresponds to 0.1 mm of rain (Figure ‎3-13). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3-12 Ordinary rain gauge for daily rainfall measurement 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎3-13 Tipping bucket gages for short duration rainfall measurements 
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3.8.3 Data resolution 
The rainfall data collected from the authorities have various temporal resolutions. 
The majority of rain gauges in Qatar and the surrounding countries measure rainfall 
on a daily time scale. The followings are the different data resolutions in the 
collected data. Time of measurement is given in UTC and Qatar is located in UTC 
+03:00 (i.e. Qatar is 3 hours ahead of UTC time). 
 
 Hourly – Data is measured every hour when there is rainfall. No data is 
recorded during dry periods. 
 Hourly Extreme Storms - Hourly rainfalls from individual extreme storms 
are calculated based on chart data. 
 3-hour – Data is measured every 3 hours at 00:00, 03:00, 06:00, 09:00, 
12:00, 15:00, 18:00, 21:00 UTC. 
 Daily (24-hour) – Data is measured every 24 hours at 06:00 UTC. 
 Daily Max Monthly – The maximum daily rainfall that occurred in one 
calendar month. There is one value per month. 
 Daily Max Yearly – The maximum daily rainfall that occurred in one 
calendar year. There is one value per year. 
 Tipping bucket – Tipping bucket rain gauges used by various authorities 
have a resolution between 0.1- 0.2 mm/bucket tip.  
In this thesis, daily rainfall and 24-hour rainfall are used interchangeably; however, this 
always mean 24-hour duration rainfall for IDF calculation.  
Histograms of annual maximum (AM) daily rainfall data for all the selected stations 
are presented in Appendix A.  
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3.8.4 Criteria for Selection of Stations 
The rainfall stations having at least 10 years of record length have been selected for 
this study. The distribution of record lengths of the selected 35 stations is shown in 
Figure ‎3-14, which shows most of the selected stations have record lengths in the 
range of 30 to 40 years. Maps showing the location of the selected rainfall stations 
can be seen in Figure 3-15.  
 
 
 
 
 
 
 
 
Figure ‎3-14 Histogram of record lengths of annual maximum daily  rainfall 
data of the selected stations 
3.8.5 Data Quality Assurance 
The collected rainfall data had undergone appropriate Quality Assurance (QA) 
procedures to ensure that the final data set can be used for further analysis. The QA 
procedures can be split into three phases: 
 Verification of the authorities’ data collection process. 
 QA of converting collected field data, scanned or paper format, to a digital 
format (Excel sheets). 
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 Statistical QA where the validity of the data is checked by exploratory 
statistical analysis. 
The data was collected in a number of different formats (e.g. text files, PDFs and 
hardcopy) and required conversion to a common format. The different sources of 
data error were identified and corrected as much as feasible. Poor quality data were 
excluded from further analysis. 
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Figure ‎3-15 Location of the selected rain gauges  considered in this study 
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The main sources of data errors are: 
 Measurement error – non-climatic biases due to, for example, changes in 
gauge location and operational practices.  
 Transcription error – Raw data transcription error and documentation error by 
operator or transcriber. A significant digitization processes is undertaken for 
many of the collected rainfall records, which includes tables and charts 
received as Excel, text, and PDF files from the relevant data collection 
authorities. 
The following QA methods were followed to address the above errors.  
Transcription errors – transcription errors were noted and  corrected. An example 
of a paper chart for station Al Utoriyah is shown in Figure ‎3-16 . 
 
 
 
Figure ‎3-16 Digitization of tipping bucket chart data in Qatar.  The chart 
includes hand written daily rainfall data by the station observer 
 
Double mass curve (DMC) analysis: DMC analysis is a well-established method 
for inspection of hydrological data (Searcy and Hardison, 1960), where the 
cumulative data of one rain gauge is plotted against the mean of cumulative data for 
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all the gauges in the study area. DMC analysis is used to visually inspect and identify 
inconsistencies in rainfall data. 
Figure ‎3-17 shows the double mass curve for station 001_Al Ruwais. The grey line at 
45 degrees illustrates the average rate of rainfall accumulation over this 43 year 
period for all the gauges; a steeper slope indicates a higher rate of rainfall 
accumulation than the average and, conversely, a shallower slope indicates a slower 
rate of rainfall accumulation. Figure ‎3-18 shows a slope break in 1997. The 
computed and tabulated F values are listed in the top left corner of the plot and 
shows that the computed value (3.47) is less than the tabulated value (4.09). This 
indicates that the two periods before and after the slope break year 1997 can be 
considered statistically similar. Therefore, the entire data record for Al Ruwais was 
used in further analysis. Results of double mass curve analysis for other stations 
considered in this study are presented in Appendix A.  
 
 
 
 
Figure ‎3-17 Double mass curve for Al Ruwais Station in Qatar 
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Figure ‎3-18 Computed F values for each year of Al Ruwais station. The 
maximum F value is found if the break year is set as 1997. 
 
Comparison with neighbouring stations: Test for rainfall record consistency 
between nearby gauges was undertaken to identify potential transcription errors in 
the raw data. Stations within a 20 km radius were compared in terms of their annual 
sums and annual daily maximums. Any identified errors were flagged and the data 
were excluded from further analysis. 
Discordancy test: A regional QA procedure was used to calculate discordancy in the 
data. The discordancy measure can identify sites that are atypical compared to the 
majority sites in the network, indicating unreliability in the data. A L-moments based 
discordancy measure was adopted in this study to check for the discordant sites 
(Hosking and Wallis, 1993). 
3.9 Summary  
In this research, Qatar located on the Arabian Gulf has been selected as the study 
area. Qatar is an arid country with large areas of urban developments, majority of 
which is concentrated to the east coast. Similar to other Arabian Gulf countries, the 
precipitation in Qatar is characterized by significant temporal and spatial variation 
over the year. Although rainfall in Qatar is very small, flooding has occurred in the 
past as demonstrated in this chapter. A total of 35 rainfall stations from Qatar and 
nearby Gulf countries have been selected for this study. A comprehensive quality 
check has been carried out in collating these rainfall data. This quality assurance 
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consists of four steps, a transcription procedure, a double mass curve (DMC) 
analysis, a consistency check between neighbouring gauges and a statistical 
discordancy test. It should be noted that different subsets of these stations have been 
used in the analysis and modelling presented in Chapters 4, 5, 6 and 7 of this thesis.  
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CHAPTER 4 
4.0 TRENDS IN RAINFALL 
 
 
 
 
 
 
 
 
 
Abstract  
This paper investigates the spatial and temporal distributions of rainfall in Qatar, 
which falls in the arid region of the middle-east. Rainfall data from 29 rain gauges 
covering the period of 1962 to 2010 and fifteen different rainfall indices are used in 
the assessment. A combination of Mann-Kendall and Spearman’s Rho tests are 
adopted to identify trends in the rainfall data. The average annual rainfall values are 
found to be in the range of 55.5 to 99 mm. A sharp gradient in average annual 
rainfall is noticed, with north having much higher values than the south. A mixed 
trend, both increasing (upward) and decreasing (downward) for most of the rainfall 
indices is identified. Annual total and maximum daily rainfalls show mixed trends, 
while rainy days show an increasing trend. For the rainy seasons, the total rainfall 
during the months of December-January-February shows an increasing trend and 
March-April rainfall shows a decreasing trend, reflecting that seasonal rainfall in 
Qatar is changing. The findings of this study provide important insights into the 
nature of rainfall variability in Qatar, which will be useful in water resources 
planning tasks in Qatar and nearby countries. 
  
This chapter is partial reproduction of the following refereed journal paper: 
Abdullah Al-Mamoon, Ataur Rahman (2017). Rainfall in Qatar: Is it changing?  
Natural Hazards, 85:453–470. 
 Impact factor: 1.901; Q1 (Earth and Planetary Sciences (Miscellaneous))  
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4.1 Overview 
This chapter identifies trends in rainfall data in Qatar by conducting non-parametric 
trend tests. This also investigates the nature of rainfall variability in Qatar. This 
chapter commences with detailed description of the rainfall data used in the analyses. 
It then presents methodologies to define various climatic conditions and rainfall 
indices adopted here. This is followed by the results and discussion, and summary of 
the findings. 
4.2 Data Description 
We used rainfall data in Qatar, which is a Middle Eastern country, located 
approximately between latitudes 24° and 27°N, and longitudes 50° and 52°E. Qatar 
has an area of 11,571 km
2
 and is bordered with Saudi Arabia (in the south) and the 
Arabian Gulf. The land of Qatar is mainly covered by barren desert with relatively 
flat topography. The climate of Qatar is dominated by mild winters and very hot 
summers. Rainfall mainly occurs in the period from October to May, with significant 
inter-annual variability (Batanouny, 1981). The months from June to September are 
usually dry. Temperatures range from 7°C to 45°C.   
Precipitation in the Arabian Peninsula comes largely from passing extra tropical 
cyclones (Christensen et al., 2013). The variability in atmospheric circulation is the 
dominating factor in controlling spatial distribution of precipitation and temperature. 
The North Atlantic Oscillation (NAO) and El-Nino Southern Oscillation (ENSO) 
atmospheric patterns appear to have an influence on the climate of Middle-East 
(Hasanean, 2004). However, in accordance with AlSarmi and Washington (2011), 
the rainy seasons of the Arabian Peninsula (December to April) have a significant 
correlation with ENSO (Nino3.4 and SOI indices), but an insignificant correlation 
with NAO.  
Qatar is on the north-eastern side of the Arabian Peninsula, bordered by the Arabian 
Gulf. The Red Sea and the Arabian Gulf are the main sources of water vapor, given 
the descending motion within the Hadley cell in the region (Evans et al., 2004). The 
meteorological events that bring rainfall to the Peninsula come from four different 
directions: the Mediterranean, central Asia, the tropical maritime regime of the 
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Indian Ocean and tropical Africa (Ghazanfa and Fisher, 1998). These four 
atmospheric influences largely operate at different times of the year, bringing a 
variable degree of seasonal weather, and hence rainfall to the Peninsula.  
Westerly disturbances are considered to be the main source of rainfall in Qatar. 
These are troughs of low pressure systems in the upper levels of the atmosphere 
moving from west to east during winter time (December to May). On average, 3 to 4 
westerly disturbances pass over the Gulf every month; however, the rainfall amount 
depends on the moisture availability and the sharpness of the trough of low pressure. 
The season of local rains (known as Alwasmi) starts in mid October and continues 
for about two months and is caused by local convection. Surface heating in the 
afternoon causes hot air to rise and local thunderstorms form when enough moisture 
is available. However, these local thuderstorms usually dissipate by sunset due to the 
lack of solar heating which ignites this type of convective clouds.   
In this chapter, data from 29 rain gauges in Qatar were used, with records ranging 
from 1962 to 2011. In collating these rainfall data, quality checks were performed at 
a number of stages. Qatar Meteorological Department (QMD), the primary source of 
these data, adopts a standard procedure in collecting rainfall data (following ISO 
9001-2008 protocol). As a part of the present study, the daily rainfall data at each of 
the selected stations were checked for completeness and consistency. For example, 
visual inspections on excel plots, checking of the monthly rainfall depth between the 
paper copies and excel sheets, and comparison of rainfall depths between various 
sources were made.  
The raw rainfall data were checked in a number of ways. Firstly, the daily rainfall 
data were plotted in Excel and checked visually for unusually high values. Secondly, 
a double mass curve approach was adopted to identify gross error in daily rainfall 
data. Thirdly, a discordancy measure as suggested by Hosking and Wallis (1997) was 
adopted which was based on L moments. In this test, the unusual site (with gross data 
error) was flagged, which was then examined carefully to identify possible data 
errors. These tests allowed identification of data errors, and as a result 12% of the 
initially selected stations were excluded in the final analysis.   
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Spatial locations of the selected 29 stations can be seen in Error! Reference source 
not found., while Error! Reference source not found. provides the names and data 
lengths of the selected stations. A regional map of the Arabian Peninsula is also 
provided in Appendix A. The average record length of daily rainfall data for the 
selected 29 stations is 36 years. The elevations of the selected stations range from 2m 
to 54m (average: 24 m) with respect to mean sea level. The rainfall at these stations 
was measured for the preceding 24 hours in the morning at 6AM GMT, which is 
9AM AST, the local time zone for Qatar.  
 
4.3 Methodology 
The criteria suggested by Garcia de Pedraza and Garcia-Vega (1989) were adopted in 
this study to characterize various climatic conditions, such as ‘very dry’, ‘dry’, 
‘normal’, ‘rainy’ and ‘very rainy’. Rainfall was taken as ‘normal’ if it was between 
the 1
st
 (P25) and 3
rd
 (P75) quartiles, ‘dryer’ if it was under P25, and ‘wetter’ when it 
exceeded P75 (Lazaro et al., 2001). The 10
th
 (P10) and 90
th
 (P90) percentiles were 
considered to be the thresholds for extreme rainfall events. A day was considered to 
be a rainy day when rainfall exceeded 1mm/day (Kwarteng et al., 2009, Lazaro et al., 
2001).  
The daily rainfall values were categorized into four intensity groups as follows 
(Gong et al., 2004, Bazara and Ahmed, 1991): light rainy days: R ≤ 10mm; moderate 
rainy days: 10mm<R ≤ 25mm; heavy rainy days: 25mm<R ≤ 50mm; and extreme 
rainy days: R>50mm. 
In this chapter, two non-parametric tests were used to carry out trend analysis: the 
Mann-Kendall (MK) test (Mann, 1945; Kendall, 1975) and Spearman’s Rho test 
(SR) (Yue et al., 2002; Laz et al., 2014). In trend analysis, non-parametric tests are 
preferred over the parametric tests since non-parametric tests are less sensitive to 
non-normality, nonlinearity, missing values, serial correlation and outliers in the data 
(CRC, 2005). It is preferable to use a suite of trend tests because different tests are 
based on different assumptions, and hence results from a single test may not be a true 
indication for a trend; if a trend is ‘real’ it would be identified by the majority of 
these tests and hence two different tests were adopted in this study.  
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Trend tests were applied on 15 different rainfall indices listed in Table ‎4-. These 
indices represent annual rainfall, rainy days, monthly rainfall for rainy months 
individually, and seasonal rainfalls in the wet periods. To represent seasonal rainfall, 
the classification for the Arabian Peninsula by AlSarmi and Washington (2011) was 
adopted, i.e. October-November (ON), December-January-February (DJF), and 
March-April (MA) rainfalls. 
Table ‎4-1 Description of rainfall indices used in this study 
Indices Description Unit 
ATR Annual Total Rainfall mm 
AM24H Annual Maximum 24-hour Rainfall mm 
ATRD Annual Total Rainy Days days 
ATLRD Annual Light Rainy days days 
ATMRD Annual Moderate Rainy days days 
ATHRD Annual Heavy Rainy days days 
ATERD Annual Extreme Rainy days days 
MTRDEC Monthly Total Rainfall in December mm 
MTRJAN Monthly Total Rainfall in January mm 
MTRFEB Monthly Total Rainfall in February mm 
MTRMAR Monthly Total Rainfall in March mm 
MTRAPR Monthly Total Rainfall in April mm 
STRON Seasonal Total Rainfall in October & 
November 
mm 
STRDJF Seasonal Total Rainfall in December, January 
& February 
mm 
STRMA Seasonal Total Rainfall in March & April mm 
 
4.4 Results  
4.4.1 Annual Rainfall 
Total yearly rainfall in Qatar was found to vary between 0 to 400 mm (considering 
the individual years and stations). The year 1995 was found to be the wettest, with 8 
stations showing greater than 300 mm and 3 stations greater than 350 mm of yearly 
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rainfall. The average annual rainfall values over Qatar (based on all the 29 stations 
and rainfall records from 1972 to 2010) are shown in Figure 4-1. The highest average 
annual rainfall of 276 mm was found for 1995, and years 1982 and 1997 exhibited 
quite high average annual rainfall. Very low average annual rainfall values were 
found for 1973 (17.3 mm), 1978 (19.6 mm), 1985 (21.5 mm) and 2001 (5.1 mm), i.e. 
2001 was the driest year on record. The average annual rainfall values for the 29 
stations were found to be in the range of 55.5 to 99 mm. The average annual rainfall 
considering data of all the 29 stations was found to be 77.9 mm as compared to 80 to 
100 mm for north-east Saudi Arabia and 117.4 mm for Oman (Almazroui et al., 
2012b, Kwarteng et al., 2009).  
 
Figure ‎4-1 Annual Rainfall in Qatar during 1972–2010  
The mean, standard deviation (SD), and coefficient of variation (CV) values of 
average annual rainfall, 24-hour maximum rainfall and the number of rainy days are 
presented in Table 4-2. This table indicates that average annual rainfall values exhibit 
the highest degree of year to year variability compared to the 24-hour maximum 
rainfall and number of rainy days. Results show a coefficient of variation (CV) value 
of 74% for mean annual rainfall. 
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Table ‎4-2 SD and CV values for average annual rainfall, maximum 24-hour 
rainfall and number of rainy days (considering 29 stations in Qatar) 
Variable 
Standard 
Deviation (SD) 
Coefficient of 
Variation (CV) 
Average annual rainfall 56.8 74% 
Maximum 24-hour rainfall 23.6 48% 
No. of rainy days in excess of 1 mm 1.78 16% 
 
 
Figure ‎4-2 Spatial variation of average annual maximum daily rainfall (left) 
and average annual rainfall 
The spatial variation of the average maximum daily rainfall in Qatar is shown Figure 
4-2, which shows that average maximum daily rainfall in Qatar is the highest in the 
north-eastern part (over 28 mm), while south-western part (21 mm) has the lowest 
value. Variation of the mean annual rainfall in Qatar is also shown in Figure 4-2. 
This indicates that the north-eastern part of Qatar has the highest mean annual 
rainfall value (over 95 mm), while the south-west has the smallest value (less than 65 
mm).  
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4.4.2 Monthly Rainfall 
In terms of monthly rainfall, March was found to be the wettest month on average 
followed by December and February (Figure 4-3). Two consecutive months 
(February and March) accounted for 43% of the average yearly rainfall. About 60% 
of the yearly rainfall occurred in three consecutive months (January to March), and 
85% in another consecutive five months (December to April). The seasonal rainfall 
patterns in Qatar shown in Figure 4-3 are similar to other countries in the gulf region 
(e.g. Elagib and Addin Abdu, 1997; Rehman, 2010; Feulner, 2006).  
 
Figure ‎4-3 Average monthly rainfall based on 1962-2010 rainfall data 
 
Table ‎4- shows a number of important summary statistics of the annual and monthly 
rainfall values for Mesaieed Station. This table shows a high degree of variability in 
monthly rainfall values. The CV values for monthly rainfall are notably higher (134 
to 340%) compared to the humid regions where CV values were reported as low as 
10% (Bazara and Ahmed, 1991).   
4.4.3 Annual and Monthly Rainy Days 
The average number of rainy days in Qatar was found to be 13. This is within the 
typical range (between 10 and 50 rainy days) in arid regions, as reported by Noy-
Meir (1973). The number of light rainy days in Qatar accounted for 82% of the total 
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number of rainy days, whilst the number of days with moderate to heavy rain 
accounted for only 17% of the total number of rainy days. The number of rainy days 
was found to be significantly correlated to yearly totals; for example, a coefficient of 
determination (R
2
) of 53% was obtained for Al Khor station (Figure 4-4).   
 
Figure ‎4-4 Relationship between annual total rainfall and annual total rainy 
days (Al Khor Station) 
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Table ‎4-3 Annual and monthly rainfall statistics for Mesaieed Station (period of record 1972-2010) 
Parameter Annual Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Average (mm) 64.18 11.71 13.48 17.42 4.17 0.47 0.00 0.00 0.00 0.00 2.32 3.69 10.93 
Variance (mm
2
) 2144 340 618 584 31 3 0.00 0.00 0.00 0.00 56 93 400 
SD (mm) 46.30 18.44 24.86 24.16 5.58 1.59 0.00 0.00 0.00 0.00 7.48 9.62 19.99 
CV (%) 72% 157% 184% 139% 134% 340% 0.00 0.00 0.00 0.00 323% 261% 183% 
Minimum (mm) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Percentile 10 (mm) 19.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Percentile 25 (mm) 29.45 0.50 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Percentile 50 (mm) 56.20 4.80 5.20 4.20 1.40 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Percentile 75 (mm) 87.80 10.70 12.40 21.60 6.20 0.00 0.00 0.00 0.00 0.00 0.00 0.50 15.00 
Percentile 90 (mm) 138.88 36.20 36.08 61.12 14.00 0.56 0.00 0.00 0.00 0.00 5.80 17.52 42.60 
Maximum (mm) 199.20 88.00 117.60 75.40 18.00 7.80 0.00 0.00 0.00 0.00 36.00 35.60 85.80 
Skewness 1.04 2.44 2.88 1.43 1.37 3.84 0.00 0.00 0.00 0.00 3.67 2.67 2.28 
Kurtosis 0.73 6.89 8.74 0.67 0.71 14.80 0.00 0.00 0.00 0.00 13.46 5.93 5.07 
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4.4.4 Annual Maximum Rainfall 
The annual maximum rainfall for 24-hour duration (i.e. daily rainfall) was also 
examined. It was observed that a daily maximum rainfall of 90 mm or above 
occurred only on three occasions, in 1988, 1989 and 1995. The highest daily 
maximum rainfall of 136.6 mm was recorded on 12 March, 1995, at Umm Al Afaiye 
station in the central part of Qatar.   
4.4.5 Trend analysis 
The summary of trend analysis results without considering significance levels is 
presented in Figures 4-5 and 4-6. The results indicated mixed trends by the MK test. 
In contrast, for the SR test, majority of the stations exhibited a positive trend. This 
result highlights the importance of applying more than one test in trend detection. 
 
 
Figure ‎4-5 Overall trends by the MK test in the selected rainfall indices 
(without considering significance levels)  
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Figure ‎4-6 Overall trends by the SR test in the selected rainfall indices 
(without considering significance levels) 
 
Trends were examined at 10%, 5% and 1% levels of significance. The stations 
showing significant trend levels for both the MK and SR tests are graphically shown 
in Figure 4-7 (10%), Figure 4-8 (5%), and Figure 4-9 (1%), respectively. 
For annual total rainfall (ATR), up to 20% of the stations exhibited significant 
increasing (positive) trends (10%, 5% and 1% significance levels) for both MK and 
SR tests;  while an overall mixed trend was observed in annual maximum 24-hour 
rainfall (AM24H).  
Most of the stations showed increasing trends for annual total rainy days (ATRD) 
irrespective of statistical significance. Increasing tends were also observed at several 
stations for all the three significance levels. For example, in the MK test, 55% of the 
stations showed a positive trend at a 1% level of significance and 80% stations at a 
5% level of significance.   
Significant increasing trends were obtained in rainy days with light intensity of 
rainfall (equal to greater than 1 mm) for both the MK and SR tests.  Around 10% of 
stations in the SR test showed an increasing trend at 5% level of significance for 
rainy days with extreme rainfall, while the MK test showed no significant trends. 
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In general, monthly rainfall showed mixed trends with a higher proportion of stations 
showing positive trends. 
 
 
 
 
   
 
 
 
 
 
Figure ‎4-7 Comparison of trend test results by MK (top) and SR (bottom) 
tests at 10% level of significance 
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Figure ‎4-8 Comparison of trend test results by MK (top) and SR (bottom) 
tests at 5% level of significance 
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Figure ‎4-9 Comparison of trend test results by MK (top) and SR (bottom) 
tests at 1% level of significance 
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Within rainy seasons, STRON and STRDJF showed increasing trends for about 80% 
of the stations (without considering the level of significance); however, for STRMA 
about 70% of the stations showed decreasing trends as per MK test. Overall up to 
20% of stations showed increasing trends for seasonal rainfalls (STORN, STRJF, and 
STRMA). Mixed trends were observed for season STRMA with up to 20% of the 
stations showing negative trends for 10% significance level as per the MK test. The 
negative trend for SRTMA in our study is similar to the findings of AlSarmi and 
Washington (2011) (for Oman, Qatar and UAE).  
Figure ‎4- shows spatial distribution of the stations with positive and negative trends 
for ATR and ATRD data based on the MK test. No obvious relationship between the 
trends in ATR and ATRD were found.  
Most of the rainfall indices considered in this study exhibited mixed trends (i.e. both 
positive and negative). In few cases, the MK and SR tests exhibited notably different 
results, e.g. for ATRD and ATLRD, the MK test presented a higher proportion of 
positive trends than the SR test for all the three significance levels. Other studies 
(e.g. Laz et al., 2014) found similar discrepancy between the MK and SR tests, which 
is likely due to different assumptions on which these tests are founded. 
No relationship between average yearly rainfall and elevation was found in this 
study, in contrast to Oman, which showed a positive relationship with topography 
(Kwarteng et al., 2009). It should be noted that Qatar, in general, has a flat 
topographical surface with occasional low hills, whilst Oman has a much more 
diversified land surface comprised of mountain ranges, as noted by Kwarteng et al. 
(2009). 
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Figure ‎4-10 Spatial distribution of stations showing trends by the MK test in 
the annual total rainfall (left) and annual total rainy days (right). The upward 
pointing black triangles indicate an increasing trend and the downward 
pointing blue triangles indicate a decreasing trend 
 
4.5 Summary 
This chapter examined spatial and temporal distributions of rainfalls in Qatar using 
data from 29 stations. A number of rainfall characteristics were examined including 
annual rainfall, monthly rainfall, daily maximum rainfall and the number of rainy 
days. Trend analysis was conducted for twelve different rainfall indices using the 
MK and SR tests. The main findings of this investigation are summarized below: 
 The precipitation in Qatar is characterized by significant year to year variability. 
Some stations recorded zero rainfall in some years. The average annual rainfall 
values for the 29 stations were found to be in the range of 55.5 to 99 mm. A 
sharp gradient in average annual rainfall was noticed, with north having higher 
values than the south.  
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 A coefficient of variation (CV) value of 74% was found for the mean annual 
rainfall. For monthly rainfall totals, the CV values were found to be quite high 
(139% to 340%). These relatively large CV values for all the stations confirm 
large inter-annual and inter-monthly variability in the rainfall over Qatar – 
similar to other arid regions in the Arabian Peninsula, as reported by Almazroui 
et al. (2012a) and Nasrullah and Balling (1996). 
 In general, the trend tests have shown both positive and negative trends for all 
the fifteen precipitation indices throughout the country. Annual total and daily 
maximum (24-hour) rainfalls generally show mixed trend, with only up to 20% 
of the stations showing statistically significant trends. It is interesting to note that 
annual total rainfall showing increasing trends are located mainly in the central 
part of Qatar. 
 In general, monthly rainfall showed mixed trends with a higher proportion of 
stations showing positive trends.  
 In terms of seasonal rainfall, monthly total rainfalls in October-November and 
December-January-February showed increasing trends for about 80% of the 
stations (without considering the level of significance); however, for March-
April about 70% of the stations showed decreasing trends as per the MK test. 
Overall up to 20% of stations showed increasing trends for seasonal rainfalls 
(STORN, STRJF, and STRMA). Mixed trends were observed for season March-
April with up to 20% of the stations showing negative trends for 10% 
significance levels as per the MK tests. These results indicate that seasonal 
rainfall is changing in Qatar. 
 Significant increasing trends were found in rainy days with light intensity of 
rainfall (equal to greater than 1 mm).  
 No relationship between spatial location and the elevation of rain gauges was 
found with the identified trends. 
The findings of this study provide important insights into the nature of rainfall 
variability in Qatar, which would be useful for water resources planning tasks in 
Qatar and nearby arid regions. 
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CHAPTER 5 
5.0 SELECTION OF PROBABILITY 
DISTRIBUTIONS FOR AT-SITE DESIGN 
RAINFALL ESTIMATION 
 
 
 
 
 
 
 
 
Abstract  
Design rainfall is widely used in urban infrastructure planning and design such as 
culverts and urban drainage systems. In design rainfall estimation, one of the primary 
steps is the selection of a suitable probability distribution that fits the observed 
rainfall data adequately. This paper examines the selection of the best fit probability 
distribution in design rainfall estimation. The annual maximum (AM) rainfall data 
from 29 rainfall stations in Qatar is used in this study. The rainfall record lengths of 
these stations are in the range of 24 to 49 years (average of 36 years). Fourteen 
different distributions and three goodness-of-fit tests (Kolmogorov-Smirnov, 
Anderson-Darling and Chi-squared) are considered in this chapter. Based on a 
relative scoring method, the Generalised Extreme Value (GEV) distribution is found 
to be the best fit distribution. Results from bootstrapping and simulation analyses 
show that sample estimates of skewness of the AM rainfall series are subject to a 
higher degree of sensitivity to data length compared with standard deviation and 
mean as expected. Since the rainfall quantile estimates of higher ARIs are greatly 
influenced by skewness, a longer data length is needed in reducing the uncertainty in 
rainfall quantile estimates for higher ARIs, which is currently unavailable in Qatar.  
This chapter is partial reproduction of the following refereed journal paper: 
Abdullah Al-Mamoon, Ataur Rahman (2017). Selection of the best fit probability 
distribution in rainfall frequency analysis for Qatar. Natural Hazards, 86(1): 281-
296.  
Impact factor: 1.901; Q1 (Earth and Planetary Sciences (Miscellaneous))  
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5.1 Overview 
This chapter identifies the best fit probability distribution in design rainfall 
estimation by applying various goodness-of-fit tests. It also investigates uncertainty 
in rainfall quantile estimates using bootstrapping analyses. This chapter commences 
with detailed description of the rainfall data used in the analyses and then presents 
methodologies for selecting the best fit distribution. This is followed by the results 
and discussion, and summary of the findings. 
5.2 Data description 
We used rainfall data in Qatar, Gulf country located approximately between latitudes 
24° and 27°N, and longitudes 50° and 52°E. Its southern border is shared with Saudi 
Arabia, and the rest of its borders are surrounded by the Arabian Gulf. Qatar has a 
relatively flat, but undulating topography. The climate of Qatar is characterized by a 
mild winter and a very hot summer. Rainfall in Qatar happens mainly during October 
to May, with significant inter-annual variability (Batanouny, 1981). The months from 
June to September are usually completely dry. Temperatures vary from 7°C in 
January to around 45°C in summer. 
In this chapter, annual maximum (AM) series of 24-hour rainfall data from 29 rain 
gauges in Qatar were used, with rainfall records ranging from 24 to 49 years (average 
of 36 years). The data for the rainfall was measured for the preceding 24-hour in the 
morning at 9 AM. The geographical distribution of the selected stations is provided 
in Figure 3-15, and Table 5.1 provides list of the stations with their data period. The 
elevations of the selected stations vary from 2 m to 54 m (average: 24 m) in relation 
to the mean sea level. Careful quality control and testing were carried out to ensure 
quality data for this study as explained in Chapter 3.   
The average annual rainfall considering data of all the 29 stations was found to be 
77.9 mm. A sharp gradient in average annual rainfall was noticed, with north having 
40% higher value than the south. The average number of rainy days in Qatar was 13, 
which falls within the typical range for arid region (between 10 and 50 rainy days), 
as reported by Noy-Meir (1973). In terms of monthly rainfall, March was found to be 
the wettest month on average followed by December and February.  
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Table ‎5-1 Details of selected rainfall stations in Qatar 
Station 
ID 
Station Name Period 
Latitude 
(Degree) 
Longitude 
(Degree) 
Mean Annual 
Rainfall (mm) 
1 Al Ruwais 1972-2010 26.13 51.21 88.4 
2 Rodhat Al Faras 1972-2010 25.82 51.33 99.0 
4 Al Nasraniyah 1972-2010 25.41 51.07 87.7 
5 Umm Bab 1972-2010 25.21 50.83 69.2 
6 Mile 32 1972-2010 25.17 51.05 76.4 
7 Decca 1974-2010 25.16 51.31 72.4 
8 Al Jamiliyah 1976-2010 25.62 51.08 73.2 
10 Mesaieed 1972-2010 25.01 51.54 65.9 
11 Al Karaana 1972-2010 25 51.1 77.7 
12 Al Khararah 1972-2010 24.92 51.14 68.2 
13 Al Amiriyah 1972-2010 24.82 51.08 76.9 
14 Traina 1972-2010 24.77 51.21 62.6 
15 Abu Samra 1976-2010 24.75 50.83 67.8 
16 Sauda Nithil 1978-2010 24.54 51.08 55.5 
17 Wadi Al Wasa 1974-2010 25.45 51.42 92.1 
18 Umm Saikah 1972-2010 25.96 51.09 86.1 
19 Al Utoriyah 1982-2010 25.52 51.21 93.5 
22 Al Majidah 1972-2010 25.87 51.23 89.7 
24 Umm Al Shokhot 1974-2010 25.69 51.38 82.6 
25 Dokhan 1972-2010 25.42 50.79 76.5 
26 Umm Al Afaiye 1973-2010 25.37 51.32 89.6 
27 
Umm Al 
Mowagie 1974-2010 25.28 51.21 90.0 
28 Al Siliyah 1972-2010 25.21 51.4 74.6 
29 Al Wukair 1974-2010 25.15 51.52 76.5 
30 Montaza Park 1979-2010 25.27 51.53 76.5 
31 Doha Airport 1962-2011 25.26 51.57 76.5 
32 Rodhat Harma 1984-2010 25.43 51.31 87.9 
34 Al Khor 1985-2010 25.69 51.51 88.8 
35 Al Ghuwairiyah 1986-2010 25.83 51.25 87.1 
 
5.3 Methodology 
5.3.1 Selection of candidate distributions 
Fourteen probability distributions were examined in selecting the best fit probability 
distribution for 24-hour duration AM rainfall series in Qatar. These include: (1) 
Normal (2) Two-parameter Log-normal (LN2) (3) Three-parameter Log-normal 
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(LN3) (4) Two-parameter gamma (G2) (5) Three-parameter gamma (G3) (6) 
Generalised gamma (7) Gumbel (EV1) (8) Three-parameter log-logistic (L3) (9) 
Generalised Extreme Value (GEV) (10) Three-parameter Pearson (P3) (11) Log 
Pearson type 3 (LP3) (12) Beta (13) Three-parameter Weibull and (14) Generalised 
Pareto (GPA).  
5.3.2 Goodness-of-fit test  
Goodness-of-fit test is used to determine whether a certain distribution fits a given 
data set adequately. Calculating statistics of goodness-of-fit also helps to rank the 
fitted distributions according to the quality of fit with respect to the observed data.  
A goodness-of-fit test in essence assesses the compatibility of random samples from 
the assumed theoretical probability distribution. A goodness-of-fit test was applied in 
this study to evaluate the following null hypothesis: H0: 24-hour AM rainfall data 
follows a given distribution; and H1: 24-hour AM rainfall data does not follow the 
assumed distribution. In applying a selected goodness-of-fit test for a given site and 
for a given distribution, the null hypothesis H0 is rejected if the observed test statistic 
exceeds the critical value at the given significance level. 
The following three goodness-of-fit tests were applied at a significance level of 0.05: 
(i) Kolmogorov-Smirnov; (ii) Anderson-Darling; and (iii) Chi-squared. These tests 
are briefly described below. 
Kolmogorov-Smirnov test: 
Kolmogorov-Smirnov test is used to determine whether a sample has come from an 
assumed continuous probability distribution. This test is based on the empirical 
cumulative distribution function (ECDF), which is given by:  
 xnsobservatioofNumber
n
xFn 
1
)(  (5.1) 
The Kolmogorov-Smirnov test statistic (D) is given by the largest vertical difference 
between the theoretical and empirical cumulative distribution functions: 
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Anderson-Darling test: 
Anderson-Darling test compares the fit of an observed cumulative distribution 
function to an expected cumulative distribution function. This test gives more weight 
to the tails of the distribution than the Kolmogorov-Smirnov test. The Anderson-
Darling test statistic (A
2
) is given by: 
 


n
i
ini XFXFi
n
nA
1
1
2
))(1ln()(ln)12(
1
        (5.3) 
 
Chi-squared test: 
Chi-squared test is used to find if a sample has come from a population with a given 
distribution. This is applied to the binned data, and hence the value of the test 
statistic depends on how the available data is binned. The Chi-squared test statistic is 
given by: 




k
i i
ii
E
EO
1
2
2 )(                (5.4) 
Where, Oi is the observed frequency, i is the number of observations (1, 2, …, k) and 
Ei is the expected frequency for bin i obtained by: 
)()( 12 xFxFEi   (5.5) 
where, F is the cumulative distribution function of the probability distribution being 
tested, and x1, x2 are the limits for bin i. The observed number of observations (k) in 
interval ‘i’ for sample size of N is computed by:  
Nk 2log1   (5.6) 
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5.3.3 Bootstrapping to examine sampling error in the moments of data 
In hydrological data analysis (e.g. rainfall and floods), the real population is 
generally unknown. Under this circumstance, the parent distribution can be 
approximated by using bootstrapping, which was introduced by Efron (1979a, 
1979b) and further developed by Efron and Tibshirani (1993). The term 
“bootstrapping” originated from the old phrase, “To lift himself up by his 
bootstraps”, which means to attempt a task that is commonly impossible. In 
bootstrapping, numerous realisations are formed by selecting data points randomly 
from the original data set with replacement. Bootstrapping is generally applied to 
situation where the population distribution is completely unknown or to situations 
where the sample size is not long enough for meaningful statistical inference. This is 
the case for the current study, where AM rainfall data series (for 24-hour duration) in 
Qatar have data lengths in the range of 24 to 49 years; this data length is not long 
enough to estimate distributional parameters, in particular the higher moments, and 
hence bootstrapping is used to assess the degree of uncertainty with the estimation of 
distributional parameters and rainfall quantiles. 
Many of the classical statistical inferences are based on normality assumption (Tung 
and Wong, 2014). The bootstrapping technique does not need the data sample to 
follow a normal distribution. Much of the hydrological data, including AM rainfall 
series do not satisfy normality assumption. The bootstrapping technique is 
computationally intensive; however, with increased computer power, this is currently 
not a major issue.  
In this study, the bootstrapping was carried out following the below steps.  
1. At each of the selected stations, 10,000 random sets of AM rainfall data 
samples (with record length N = 10 years) were generated by bootstrapping 
(with replacement). 
2. For each of the generated 10,000 samples (in step 1), mean, standard 
deviation and skewness values were calculated. 
3. The standard deviation values of the 10,000 mean, standard deviations and 
skewness values were calculated. 
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4. Steps 1 to 3 were repeated for N = 15, 20, 30, 40, 50, 75, 100, 200 and 500 
years. 
The sampling variability associated with the mean, standard deviation and skewness 
estimates were then examined. This assists to find the minimum record length, which 
can stabilise the estimates of mean, standard deviation and skewness of a given AM 
rainfall data series i.e. the minimum record length that is needed to reduce the 
sampling error to an acceptable level.  
It should be noted that there are other methods to assess the sampling variability. For 
example, Zhang et al. (2013) presented a study on parameter sensitivities of the Soil 
and Water Assessment Tool (SWAT) using a variance-based global sensitivity 
analysis called Sobol’s method. Qi et al. (2016a) presented a global sensitivity 
analysis-based framework to dynamically quantify individual and interactive impacts 
of algorithm parameters on optimization performance in relation to rainfall-runoff 
modelling. Furthermore, Qi et al. (2016b) presented an imprecise probabilistic 
framework for design flood estimation on the basis of the Dempster-Shafer theory to 
handle different epistemic uncertainties from data, probability distribution functions, 
and probability distribution parameters. These methods, however, are not directly 
applicable to flood/rainfall frequency analysis problems.  
5.3.4 Selection of the best fit probability distribution 
The three goodness-of-fit tests (as mentioned in Section 5.3.2) were applied to the 
AM rainfall data series at each of the selected 29 stations. The test statistics 
corresponding to each of these tests were computed and hypothesis testing was 
carried out at the 0.05 level of significance. The selected 14 probability distributions 
were ranked on a scale of 1 to 5 for all the three tests independently, with rank 1 
indicating the best fit distribution, and rank 2 the second best one, and so on. The 
final selection was made on the basis of total test scores derived by combining all the 
three goodness-of-fit tests. A maximum score of 5 was awarded to rank 1 probability 
distribution, and score 4 for rank 2 distribution, and so on.  
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5.4 Results  
5.4.1 Goodness-of-fit test results 
Each of the fourteen selected distributions was fitted to the 24-hour AM rainfall data 
set at each of the 29 stations. Initially, a visual inspection was made based on the 
quality of fit of the AM data by the assumed probability distribution. Figure 5-1 
shows an example plot for site Al Khor. To identify the best fit probability 
distribution overall i.e. the distribution that fits the highest numbers of the selected 
stations, a relative scoring method based on the results given by the three goodness-
of-fit tests was adopted. The scoring results of the distribution selection are 
summarised in Table 5-3. The best fit probability distribution was identified on the 
basis of the highest score that was determined based on the three goodness-of-fit 
tests. 
 
 
Figure ‎5-1 Example illustrating the fitting of GEV distribution  
(Site: Al Khor) 
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The goodness-of-fit test results indicated that the best fit distribution varies from 
station to station, and no single distribution was ranked consistently the best (i.e. 
rank 1) for all the 29 stations. However, combined test scores for all three goodness-
of-fit tests presented in Table 5-2 showed that the GEV with a score of 80 was the 
best fit distribution. Overall, GEV distribution appeared in the top five ranked 
distributions for the highest numbers of stations (21), which accounts for 72% of the 
selected stations. Log-normal 3 occupied second place, which accounts for 52% of 
the stations. This was then followed by L3, Generalised Gamma and P3, each of 
these accounting for 39% of the stations, as shown in Figure 5-2. 
 
Table ‎5-2 Combined scores in comparing and selecting probability 
distributions 
Distributions Score 
Generalized Extreme Value (GEV) 80 
3-parameter Log-Logistic (L3) 67 
2 -parameter Gamma (G2) 63 
General Pareto (GPA) 57 
3-parameter Lognormal (LN3) 44 
3-parameter Pearson (P3) 44 
Generalized Gamma (GG) 43 
3-parameter Gamma (G3) 38 
Gumbel (EV1) 36 
2-parameter Lognormal (LN2) 34 
Normal 33 
3-parameter Weibull  25 
3-parameter Log-Pearson (LP3) 23 
Beta 13 
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Figure ‎5-2 Relative ranking of the distributions based on the goodness-of-fit test 
results for 29 stations 
 
5.4.2 Comparison of estimated quantiles by selected distributions 
Rainfall quantiles were estimated (for ARIs of 2, 5, 10, 20, 50 and 100 years) at 
selected stations using six different distributions, GEV, LP3, LN3, L3, Gamma and 
Normal. Method of maximum likelihood was adopted in estimating the parameters of 
these distributions. The estimated rainfall quantiles, the 5% and 95% confidence 
intervals assuming LP3 distribution were plotted on the same graph along with the 
observed AM rainfall data and non-parametric line of fit. The non-parametric method 
was implemented using Cunnane’s plotting position formula (Cunnane, 1978).  
 
Figure 5-3 shows the plot for Station 4 (Al Nasraniyah), which has 39 years of AM 
rainfall data. According to the goodness-of-fit test results, Gamma is the number one 
best fit distribution (among 14 distributions), and GEV is the number two best fit 
distribution for this site. It can be seen from Figure 5-3 that GEV provides the best 
match with the observed AM rainfall data, in particular at higher ARIs. Although the 
Gamma provides very good fits at smaller ARIs, it provides poor fits for over 20 
years of ARIs. In fact, none of the distributions except GEV fits the data well at 
higher ARIs. At the lower ARIs (up to 10 years), there is little difference among the 
six distributions; however, the differences increase remarkably with increasing ARIs 
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(in particular for 100 years). These results highlight the importance of inspecting the 
data fitting visually when selecting the best fit distribution for application.  
 
For Station 13 (Al Nasraniyah) (Figure 5-4), GEV is the best fit distribution (as per 
goodness-of-fit test); however, GEV does not provide a good match with the 
observed data for over 30 years ARIs. In fact, none of the six distributions fit the data 
very well for ARIs over 30 years. The results from these two stations highlight the 
difficulty in selecting the best fit distribution.   
 
 
Figure ‎5-3 Comparison of rainfall quantiles using six different probability 
distributions for Station 4 (Al Nasraniyah) (period of record = 1972-2010) 
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Figure ‎5-4 Comparison of rainfall quantiles using six different probability 
distributions for Station 13 (Al Nasraniyah) (period of record = 1972-2010) 
5.4.3 Sensitivity to record length 
Table 5-4  shows the results of sensitivity analysis from bootstrapping for Station 18 
(Umm Saikah), which demonstrates that the mean values of the 10,000 bootstrapped 
samples range from 3.035 (N =10 years) to 3.036 (N = 500 years). This is very close 
to the observed mean of 3.036 (with 39 years of data) at this station. However, the 
standard deviation values of the generated 10,000 mean values range from 0.193 (N 
= 10 years) to 0.027 (N = 500 years), which represents 615% difference. When N 
changes from 20 years to 40 years, the standard deviation values of the generated 
10,000 mean values range from 0.137 to 0.096 (i.e. a 43% difference). This implies 
that a higher record length is desired to reduce sampling error, even for estimating 
the mean value.  
For standard deviation, the mean values of the 10,000 standard deviation samples 
range from 0.596 (N = 10 years) to 0.611 (N = 500 years) (Table 5-2, column 4), 
which is not much different from the at-site standard deviation value of 0.612 (based 
on 39 years of data) at Station 18. However, standard deviation values of the 10,000 
simulated standard deviation values (Table 5-4, column 5) range from 0.144 (N = 10 
years) to 0.019 (N = 500 years), which represents 655% difference (i.e. the generated 
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SD values are highly variable). This implies that standard deviation is highly 
sensitive to record length.  
For skewness, the mean values of the 10,000 skewness values range from - 0.203 (N 
= 10 years) to - 0.053 (N = 500 years), which is quite different to the at-site skewness 
value of – 0.393 (based on 39 years of data) at Station 18. The standard deviation 
values of the 10,000 skewness values range from 0.562 (N = 10 years) to 0.012 (N = 
500 years), which represents 4,688% difference. This demonstrates that skewness is 
much more sensitive to record length than standard deviation and mean. Since the 
rainfall quantile estimates of higher ARIs (e.g. 50 and 100 years) by a three 
parameter probability distribution (e.g. LP3) are highly influenced by skewness, a 
higher observed record length is needed in reducing the uncertainty in higher rainfall 
quantile estimates. The observed data length of the AM series in Qatar ranging from 
24 to 49 years appears to be much smaller than what is ideal in order to produce 
acceptable estimates of skewness. 
Table ‎5-3 Results of bootstrapped based sensitivity analysis with record 
length for mean, standard deviation (SD) and skewness (SK) of 24-hour duration 
AM rainfall (Station 18 Umm Saikah, observed data period: 1972 – 2010) 
 
 
5.4.4 Data generation from a given distribution 
For Station 13, GEV is the best fit distribution (as per the goodness-of-fit test result). 
For this site, GEV distribution was fitted using the at-site estimates of location, scale 
and shape parameter (based on 39 years of data) (bold in Table 5-4). Thereafter, AM 
rainfall data of length N (N = 10, 15, 20, 30, 40, 50, 75, 100, 200 and 500 years) was 
generated from the fitted GEV distribution and rainfall quantiles were estimated for 
Simulated data 
length, N
Mean 
(mm)
SD (mean) 
(mm)
SD (mm)
SD (SD) 
(mm)
SK SD (SK)
10 3.035331 0.1935893 0.5964568 0.1440402 -0.203347 0.5624344
15 3.035772 0.157468 0.6005499 0.1142282 -0.204258 0.4017285
20 3.036563 0.1371682 0.6038365 0.09850759 -0.195097 0.31303241
30 3.036563 0.1109101 0.6043652 0.08051065 -0.177496 0.2084281
40 3.036918 0.09627187 0.6082481 0.06938871 -0.163038 0.157265
50 3.037908 0.08728047 0.6105084 0.06182693 -0.149354 0.1227287
75 3.035851 0.0698418 0.6090153 0.05001561 -0.129277 0.08158638
100 3.036714 6119866 0.6099898 0.04264166 -0.113646 0.0600047
200 3.036397 0.04355685 0.6113547 0.03037045 -0.082305 0.02996844
500 3.036553 0.02737805 0.6114849 0.01907171 -0.052578 0.01174611
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2, 5, 10, 20, 50 and 100 years of ARIs (I2, …, I100) as shown in Table 5-4. It can be 
seen that location parameter ranges from 12.13 to 16.28 (for the observed data of 39 
years length, the location parameter is 14.03), which represent a 34% variation. The 
scale parameter ranges from 12.89 to 7.72 (and 10.00 for the observed data), which 
represents a 67% variation. The shape parameter ranges from 0.319 to 0.083 (and 
0.257 for the observed data), which represents 287% variation. This implies that 
quantile estimates is likely to be subjected to highest degree of variation with record 
length for higher ARIs since higher ARI estimates are more influenced by shape 
parameter for a three-parameter distribution like GEV. The variation in quantile 
estimates (between the lowest and highest values of a given quantile) are 35%, 49%, 
54%, 57%, 66% and 84% for ARIs of 2, 5, 10, 20, 50 and 100 years respectively, 
which indicates that higher ARI quantile estimates are much more affected by data 
length. 
 
For Station 4, Gamma distribution is the best fit distribution (as per goodness-of-fit 
test). The above procedure was repeated for Station 4, i.e. the parameters of the 
Gamma distribution were estimated based on the observed data of 39 years. AM 
rainfall data were then generated from the fitted Gamma distribution for record 
length of N (10, 15, 20, 30, 40, 50, 75, 100, 200 and 500 years), and rainfall quantiles 
were estimated based on the generated data. It can be seen from Table 5.5, shape 
parameter ranges from 2.23 to 7.16 (representing a 220% variation) for the generated 
data and rate parameter ranges from 0.085 to 0.462 (a variation of 440%). In terms of 
quantiles, the variations between the lowest and highest estimates are 22%, 35%, 
41%, 52%, 61% and 69% for ARIs of 2, 5, 10, 20, 50 and 100 years. This again 
demonstrates that higher ARI quantile estimates are more sensitive to data length.     
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Table ‎5-4 Generated data assuming GEV distribution (Station 13) 
 
 
 
Table ‎5-5 Generated data assuming Gamma distribution (Station 4) 
Record 
Length
Location 
parameter
SE of 
location 
parameter
Scale 
parameter
SE of scale 
parameter
Shape 
Parameter
SE of Shape 
parameter
I2 I5 I10 I20 I50 I100
10 16.08 3.72 10.59 3.1 0.31 0.2378 20.19 36.3 50.54 67.7 96.43 124.1
15 16.28 3.19 10.67 2.43 0.0825 0.235 202.5 33.32 42.66 52.19 65.39 75.97
20 13.1981 2.573 9.6117 2.2673 0.235 0.3611 16.964 32.33 46.57 64.38 95.496 126.73
30 12.19 1.9383 8.65 1.6688 0.3193 0.2231 15.5533 28.83 40.67 55.034 79.266 102.78
39 14.03 1.81 10 1.47 0.2565 0.1287 17.872 32.32 44.48 58.56 81.109 101.912
40 15.715 2.0671 10.929 1.6447 0.1575 0.1695 19.8389 34.2 45.231 57.105 74.616 89.528
50 14.5485 1.8307 11.083 1.5082 0.2488 0.1387 18.801 34.698 47.979 63.27 87.6 109.92
75 12.1339 1.02 7.719 0.856 0.2902 0.104 15.113 26.64 36.6422 48.515 68.069 86.607
100 15.4572 1.4904 12.8951 1.2495 0.2902 0.09262 20.443 39.69 56.399 76.234 108.9 139.868
200 13.2855 0.7446 9.0293 0.6304 0.3021 0.0696 16.785 30.41 42.383 56.712 80.546 103.359
500 14.372 0.50978 9.9675 0.41141 0.2209 0.03898 18.182 32.102 43.433 56.218 76.092 93.909
Record 
Length
Shape 
parameter
SE of shape 
parameter
Rate 
parameter
SE of shape 
parameter
I2 I5 I10 I20 I50 I100
10 7.1585 3.129 0.4624 0.2094 14.76 20.02 23.2 26.06 29.53 32
15 4.4335 1.5616 0.1585 0.0591 25.899 38.112 23.2 52.784 61.45 67.69
20 3.8881 1.18 0.1738 0.05635 20.485 30.946 45.77 43.693 51.281 56.76
30 3.622 0.8953 0.1284 0.034 25.659 39.95 37.57 56.158 66.21 73.49
39 2.3602 0.5012 0.0917 0.0217 22.21 37.78 48.17 57.98 70.42 79.55
40 4.7076 1.0174 0.2 0.0456 21.89 31.85 38.06 43.74 50.74 55.77
50 2.435 0.4575 0.1011 0.0211 20.88 35.22 44.76 54.75 65.13 73.47
75 2.624 0.4041 0.1014 0.0172 22.675 37.5 47.28 56.47 68.06 76.53
100 2.4492 0.3255 0.0939 0.01384 22.63 38.11 48.4 58.1 70.37 79.37
200 2.4884 0.234 0.0958 0.00998 22.6 37.91 48.05 57.02 69.7 78.55
500 2.2331 0.132 0.0856 0.0056 22.31 38.55 49.55 59.78 72.9 82.54
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5.5 Summary 
This chapter examines the selection of the best fit probability distribution for annual 
maximum (AM) rainfall data in Qatar. A total of 29 stations are used in this study. 
Fourteen different probability distributions and three goodness-of-fit tests, 
Kolmogorov-Smirnov, Anderson-Darling and Chi-squared tests are adopted. It has 
been found that there is no single distribution that fits the AM data for all the 29 
stations. From the application of a relative scoring method, the GEV distribution, is 
found to be fitting the maximum number of the selected stations. GEV has been 
placed in the top five distributions for 72% of the selected stations. Bootstrapping 
results show that skewness estimate experiences a higher degree of sensitivity to 
record length, compared with standard deviation and mean. Since the rainfall 
quantile estimates of higher ARIs are greatly influenced by skewness, a longer record 
length is very desirable in order to reduce the uncertainty in higher rainfall quantile 
estimates. The observed data length of the AM rainfall series in Qatar ranging from 
24 to 49 years (average of 36 years) appears to be much smaller than what is ideally 
needed to get acceptable estimates of skewness. Results of data generation from the 
best fit distribution at two selected stations show that higher ARI quantile estimates 
are greatly affected by data length. For Qatar, it is thus imperative to continue 
rainfall data collection to improve the accuracy of design rainfall estimates, in 
particular for the higher ARI ranges, which are needed to design important drainage 
structures. 
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CHAPTER 6 
6.0 UNCERTAINTY IN DESIGN RAINFALL 
ESTIMATION 
 
 
 
 
 
 
 
 
  
Abstract  
Design rainfall, often known as intensity-duration-frequency (IDF) relationship, is 
derived by frequency analysis of recorded rainfall data. This chapter presents a 
statistical modelling framework to quantify uncertainty in design rainfall estimate 
due to sampling error arising from limited data length. We used rainfall data from 
three stations in Qatar and adopted Monte Carlo simulation technique to carry out 
uncertainty analysis where bootstrapping is used to define standard error in the 
sample estimates of mean, standard deviation and skewness of the observed annual 
maximum (AM) 24-hour duration rainfall data. From the results of three goodness-
of-fit tests it has been found that Log-Pearson Type 3 (LP3) is the most favourable 
distribution for the three selected stations. Results from bootstrapping show that the 
estimate of the mean is associated with the smallest degree of standard error, whilst 
skewness has the highest error level. The coefficient of variation (CV) values of 
standard deviation and skewness estimates are found to be 12 and 26 times higher 
than that of the mean. By applying the developed statistical modelling framework, 
the confidence intervals for design rainfall are derived for 2 to 100-year ARIs at the 
three selected stations in Qatar. The developed method can be applied to derive 
confidence limits in design rainfall estimation for other rainfall stations in Qatar and 
other countries. 
This chapter is partial reproduction of the following scholarly book chapter: 
Abdullah Al-Mamoon, Ataur Rahman (2017). Uncertainty Analysis in Design 
Rainfall Estimation due to Limited Data Length: A Case Study in Qatar, In: 
Extreme Hydrology and Climate Variability: Monitoring, Modeling, Adaptation 
and Mitigation, Editors: Assefa M. Melesse, Wossenu Abtew, Gabriel Senay 
(Under Review)  
  
(Under Review) (ERA ranking B) 
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6.1 Overview 
This chapter develops a modelling framework to quantify uncertainty in design 
rainfall estimation. This chapter commences with detailed description of the rainfall 
data used in the analyses and then presents methodology for carrying out uncertainty 
analysis. This is followed by the results and discussion, and summary of the findings. 
 
6.2 Data description 
Three rainfall stations in Qatar are used in this study (Stations 18, 22 and 32) as 
listed in Table 6-1. Annual maximum (AM) series data of 24-hour duration rainfall 
are abstracted for each of these stations, the AM rainfall record lengths for these 
stations range 27 to 39 years. The AM rainfall data were prepared following standard 
procedures as explained in Chapter 3.  
 
Table ‎6-1 Details of selected rainfall stations in Qatar 
Station 
ID 
Station Name Period 
Record 
Length 
Latitude 
(Degree) 
Longitude 
(Degree) 
18 Umm Saikah 1972 -2010 39 25.96 51.09 
22 Al Majidah 1972 -2010 39 25.87 51.23 
32 RodhatHarma 1984 -2010 27 25.43 51.31 
 
6.3 Methodology 
6.3.1 Overview of methodology 
To estimate uncertainty in the rainfall quantile estimate at a given station, Monte 
Carlo simulation is adopted in this study where the first three moments of Log-
Pearson Type 3 (LP3) distributions (i.e. M, S and SK as shown in Equation 6.1) are 
specified by univariate normal distributions (i.e. M has a normal distribution with a 
sample mean and standard deviation, and the same for S and SK).  
TT SKMI                             (6. 1) 
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where IT = rainfall intensity (24-hour duration) in mm/h, M = mean of logarithm of 
AM rainfall series, S = standard deviation of logarithm of AM rainfall series and KT 
= LP3 frequency factor for ARI of T year, KT is a function of skewness (SK) of 
logarithm of AM rainfall series and T. 
Bootstrapping is used to estimate standard error associated with M, S and SK and 
the bi-variate correlation among the moments (e.g. the correlation between M & S, 
S & SK and M & SK). Finally, a multivariate normal (MVN) distribution is used to 
simulate 10,000 sets of LP3 moments, which are then used to derive 10,000 
quantiles for a given ARI. The details of the adopted bootstrapping method, Monte 
Carlo simulation technique and goodness-of-fit tests for selection of appropriate 
probability distribution are described below. 
6.3.2 Monte Carlo simulation 
Monte Carlo simulation is a technique used to solve a complex model by iteration, 
based on random number generation. The term Monte Carlo was developed at 
Casinos in Monte Carlo, Monaco, France. This technique is widely used to solve 
complex mathematical problems where there are uncertainties due to an inadequate 
model and its parameters. This in essence involves numerous evaluations of a given 
mathematical model based on the distributional properties of the model inputs 
(Wittwer, 2004). 
Monte Carlo simulation has been widely used in hydrologic uncertainty analysis 
(Kuczera, 1983; Rahman et al., 2002a, b; Nathan and Weinmann, 2013). In Monte 
Carlo simulation the inputs to a given model are specified by probability 
distributions, e.g. Rahman et al. (2002a) found that rainfall duration in south-
eastern Australia can be represented by an exponential distribution. Caballero and 
Rahman (2014a, b) and Loveridge et al. (2013) found that initial losses in eastern 
Australia can be specified by Gamma distribution. 
The steps in the adopted Monte Carlo simulation technique to assess uncertainty in 
rainfall estimation are provided below and illustrated in Figure 6-1. 
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i. Identify the probability distributions of the input variables M, S and SK of 
LP3 model (Equation 6.1). Identify the correlations among M, S and SK. 
These are done by bootstrapping as explained in Section 6.3.3.   
ii. Assume that M, S and SK have univariate normal distributions 
individually and they can be described jointly by a MVN as their 
correlations are known in step (i). 
iii. Generate 10,000 sets of random values of M, S and SK from the MVN 
defined in step ii . 
iv. Using Equation 6.1, estimate IT values (for a given T) using 10,000 
generated sets of M, S and SK values. 
v. Rank 10,000 IT values for a given T in ascending order and calculate ARI 
by using Cunnane’s plotting position formula (Cunnane, 1978). 
vi. Read the 5th and 95th percentile values of the ranked IT values, which are 
taken as 5% and 95% confidence limits. 
 
Monte Carlo simulation methods tend to be among the most computationally 
demanding (Hill et al., 2012) as they require a large number of model runs, time and 
resources to produce reliable and meaningful uncertainty estimation. However, 
given the computing power at our disposal in the present era, this concern has 
largely been diminished.  
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Figure ‎6-1 Adopted Monte Carlo simulation technique to estimate 
uncertainty in rainfall quantiles 
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6.3.3 Bootstrapping 
Our objective here is to estimate the standard deviation of M, S and SK estimates. 
Since our record length of AM series are in the range of 27 to 39 years, the estimates 
of M, S and SK are associated with sampling uncertainty/error, which is estimated by 
bootstrapping as outlined below.  
1) For Station i, 10,000 random sets of AM rainfall data series/samples (with 
record length N = Ni where Ni = record length at Station i are generated by 
bootstrapping (with replacement). This assumes that any of the AM data 
points observed at site i is equally likely to occur in future. 
2) Generated 10,000 samples (in step 1) are logarithmically transformed and M, 
S and SK values are computed for use in the LP3 model (Equation 6.1). 
3) Standard deviation values of the 10,000 M, S and SK values are calculated. 
4) Correlations among 10,000 sets of generated M, S and SK are calculated: 
r(1,2) = correlation between M and S, r(1,3) = correlation between M and SK 
and r(2,3) = correlation between S and SK. 
5) Steps 1 to 4 are repeated for each of the selected stations. 
 
6.3.4 Goodness-of-fit test 
To select the best fit distribution at a given station, three goodness-of-fit tests are 
applied at a significance level (α) of 0.05: (i) Kolmogorov-Smirnov (KS); (ii) 
Anderson-Darling (AD); and (iii) Chi-squared (CS) tests. The statistical basis of 
these tests is briefly described below. 
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Kolmogorov-Smirnov test: 
The KS test is used to determine whether a sample has come from an assumed 
continuous probability distribution. The KS test is based on the empirical cumulative 
distribution function as given by:  
 xnsobservatioofNumber
n
xFn 
1
)(       (6.2) 
The KS test statistic (D) is given by the largest vertical difference between the 
theoretical and empirical cumulative distribution functions: 
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Anderson-Darling test: 
The AD test compares the fit of observed cumulative distribution function with the 
expected cumulative distribution function for given data set. The AD test gives more 
weight to the tails of the distribution than the KS test. The AD test statistic (A
2
) is 
given by: 
 
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1
1
2
))(1ln()(ln)12(
1
  (6.4) 
Chi-squared test: 
The CS test is used to find if a sample has come from a population with a given 
distribution. This is applied to the binned data, and hence the value of the test 
statistic depends on how the available data is binned. The Chi-Squared statistic is 
given by: 
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where Oi is the observed frequency, i is the number of observations (1, 2, …, k) and 
Ei is the expected frequency for bin i obtained by: 
)()( 12 xFxFEi              (6.6) 
where F is the cumulative distribution function of the probability distribution being 
tested, and x1, x2 are the limits for bin i. The observed number of observations (k) in 
interval ‘i’ for sample size of N is computed by:  
Nk 2log1                 (6.7) 
6.4 Results  
6.4.1 Selection of best fit probability distribution 
The goodness-of-fit test results are summarized in Table 6-2. It can be seen that three 
goodness-of-fit test results often produce notably different results. For example, LP3 
distribution is selected as the rank 1 probability distribution for station 32 by the AD 
and CS tests, as rank 2 distribution for Station 18 by KS and AD tests, and rank 3 
distribution for Station 22 by the CS test. The GEV is selected as rank 3 and rank 2 
probability distribution, respectively by the KS test (for Station 18) and the AD test 
(for Station 22). Overall, the most commonly selected probability distribution 
(considering ranks 1 to 3) is LP3 in this case, and hence it is selected for the 
uncertainty analysis.  
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Table ‎6-2 Summary of goodness of fit test for three selected rainfall stations 
showing LP3 as the best-fit distribution 
 
 
6.4.2 Estimation of standard deviation of LP3 mean, standard deviation and 
skewness and their correlations by bootstrapping 
Table 6-3 shows the results from bootstrapping for the standard deviation and 
correlations (r) among M, S and SK for three selected stations. The mean values are 
obtained from the at-site AM rainfall data (Table 6-3). It can be seen that the 
standard deviation values for SK are much higher than standard deviation values of S 
and M. For Station 18, the CV values (y1/x1, y2/x2 and y3/x3) are 0.03, 1.13 and 0.79, 
respectively for M, S and SK distributions. For Station 22, the CV values are 0.03, 
0.10 and 1.60, respectively for M, S and SK distributions. For Station 32, the CV 
values are 0.05, 0.20 and 0.60 respectively for M, S and SK distributions. The 
average CV values considering all the three stations are 0.037, 0.447 and 0.997 for 
M, S and SK, respectively. This shows that CV values of the M estimate is the 
smallest, and that of SK estimate is the highest. Indeed, the CV of S estimate is 12 
times higher than that of the M estimate, and the CV of SK is 26.18 times higher than 
that of M. This clearly demonstrates that SK estimates have the highest degree of 
sampling error: i.e. the short record length in Qatari rainfall data is likely to introduce 
a high degree of error in rainfall quantile estimates for a three parameter distribution.  
Furthermore, the at-site estimates of SK values for the three stations are quite high (-
0.17, -0.39 and -1.19) implying that the use of three-parameter distribution (that can 
cater for high skewness like LP3) is desirable in Qatari design rainfall frequency 
analysis. It is thus important that Qatar should continue to gather high quality rainfall 
data so that uncertainty associated with the design rainfall estimates can be reduced 
in future by utilising a long period of recorded rainfall data.   
  
1 2 3 1 2 3 1 2 3
18 Gamma LP3 GEV Degum LP3 Peasrson 6 Fatigue Life Pert Gumbel max
22 Weibull Gamma Degum Burr GEV Degum Gumbel max Log-Gamma LP3
32 Fatigue Life Fatigue Life 3P Inv. Gaussian LP3 Pearson 6 Pearson 5 LP3 Fatigue Life Fatigue Life 3P
Chi-Squared Test
Rank
Station ID
Kosmogorov-Smirov Test
Rank
Anderson-Darling Test
Rank
Western Sydney University  CHAPTER 6 
Rainfall Analysis Under Changing Climate Regime in Qatar 102 | P a g e  
6.4.3 Estimation of uncertainty in rainfall quantiles 
LP3 moments (M, S and SK) are simulated from the MVN. For Station 18, for M, 
the MVN is specified by x1 = 3.0368, y1 = 0.0978, r(1,2) = -0.00268, r(1,3) = -
0.00843 and r(2,3) = -0.00133 (as can be seen in Table 6-3). The 10,000 simulated M 
values very closely follow a normal distribution as can be seen from the Q-Q plot in 
Figure 6-2, where only handful of data points depart from the 45 degree line, i.e. over 
99% of simulated M values closely match with the 45 degree line, i.e. they follow a 
normal distribution.  
For S, the MVN is specified by x2 = 0.6199, y2 = 0.070, r(1,2) = -0.00268, r(1,3) = -
0.00843 and r(2,3) = -0.00133 (as can be seen in Table 6-3). The 10,000 simulated S 
values closely follow a normal distribution as can be seen from the Q-Q plot in 
Figure 6-3, but it is not as good as Figure 6-2. For SK, the MVN is specified by x3 = 
-0.3929, y3 = 0.3123, r(1,2) = -0.00268, r(1,3) = -0.00843 and r(2,3) = -0.00133 (as 
can be seen in Table 6-3). The 10,000 simulated SK values closely follow a normal 
distribution as can be seen from the Q-Q plot in Figure 6-4, but are not as good as 
Figure 6-3.  
 
Table ‎6-3 Mean, standard deviation and correlation values of the first three 
moments of LP3 distribution 
 
 
 
Station ID LP3 moment Mean Std dev r(1,2) r(1,3) r(2,3)
(from observed 
AM data)
(from 
Bootsrppinmg)
M x 1  = 3.0368 y1 = 0.0978
S x2 = 0.6199 y2 = 0.070
SK x3 = -0.3929 y3 = 0.3123
M x1 = 3.1470 y1 = 0.1079
S x2 = 0.6759 y2 = 0.0691
SK x3 = -0.1706 y3 = 0.2725
32 M x1 = 2.9915 y1 = 0.1613 -0.5155 0.00826 0.00082
Correlation (estimated by 
bootstrapping)
18 -0.0027 -0.0084 -0.0013
22 -0.0071 0.00488 0.01422
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Figure ‎6-2  Q-Q Plot of mean (M) values of 10,000 sets of simulated annual 
maximum rainfall series (obtained by bootstrapping for Station 18) 
 
 
Figure ‎6-3  Q-Q Plot of standard deviation (S) values of 10,000 sets of 
simulated annual maximum rainfall series (obtained from bootstrapping for 
Station 18) 
 
Western Sydney University  CHAPTER 6 
Rainfall Analysis Under Changing Climate Regime in Qatar 104 | P a g e  
 
Figure ‎6-4  Q-Q Plot of skewness (SK) values of 10,000 sets of simulated 
annual maximum rainfall series (obtained by bootstrapping for Station 18) 
 
Each of the simulated sets of M, S and SK values are used to fit the LP3 distribution 
(Equation 6.1). This fitted LP3 distribution is then used to estimate design rainfall IT 
for T = 2, 5, 10, 20, 50 and 100 years for each of the three stations. For each ARI, 
10,000 IT values are arranged in ascending order, and the 5
th
 and 95
th
 percentile 
values are noted to draw the 5% and 95% confidence limits as can be seen in Figure 
6-5 for Station 18. The confidence bands for two other stations (22 and 32) are 
shown in Figures 6-6 and 6-7, respectively. It can be seen in Figures 6-5, 6-6 and 6-7 
that the confidence interval/band increases with increasing ARIs and it is the highest 
for the 100 year ARI. This implies that the 100 year ARI rainfall intensity estimate 
has the highest degree of uncertainty (in particular for Station 32) among the six 
ARIs considered in this study. It is worth noting that 100 year design rainfall is 
widely used in numerous infrastructure projects including culverts, trunk drainage 
system, flood embankment and causeways. A higher degree of uncertainty with 100 
year ARI design rainfall intensity is a major concern and hence it is suggested that 
data collection should be continued for these three and other rainfall stations in Qatar 
to increase the data length, which will in turn reduce the degree of uncertainty in 
design rainfall estimate.   
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Figure ‎6-5 Simulated rainfall frequency curves with 5% and 95% confidence 
limits (Station 18 for 24-hour duration) 
 
 
Figure ‎6-6 Simulated rainfall frequency curves with 5% and 95% confidence 
limits (Station 22 for 24-hour duration) 
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Figure ‎6-7 Simulated rainfall frequency curves with 5% and 95% confidence 
limits (Station 32 for 24-hour duration) 
 
6.5 Summary 
This chapter presents uncertainty analysis in design rainfall estimation using Monte 
Carlo simulation technique. It uses bootstrapping to define the standard error in the 
sample estimates of mean, standard deviation and skewness. The bootstrapped 
samples are also used to derive correlations among the mean, standard deviation and 
skewness. From the results of three goodness-of-fit tests, it has been found that LP3 
is the most favourable distribution for three selected stations in Qatar. Result from 
bootstrapping show that the estimate of mean (of the annual maximum 24-hour 
duration rainfall data) has the smallest standard error and skewness has the highest 
one. The coefficient of variation (CV) of standard deviation is found to be 12 times 
higher than that of the mean, and the CV of skewness is found to be 26.18 times 
higher than that of the mean. This clearly demonstrates that the sample estimates of 
skewness are associated with the highest degree of sampling uncertainty/error. This 
in turn implies that the short record length in Qatari rainfall data is likely to introduce 
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a high degree of uncertainty in rainfall quantile estimates. Furthermore, the at-site 
estimates of skewness values for the three stations are quite high (-0.17, -0.39 and -
1.19) that means the use of three-parameter distribution is needed for these three 
stations i.e. a two-parameter distribution may not be adequate as they cannot account 
for the data skewness very well.  
 
It has been found that the confidence bands (measure of uncertainty) increase with 
increasing ARIs and the 100 year ARI design rainfall estimate has the highest degree 
of uncertainty among the six ARIs considered in this study. Since 100 year design 
rainfall is widely used in numerous water infrastructure projects, a higher degree of 
uncertainty appears to be a major concern, it is thus suggested that rainfall data 
collection should be continued for these three and other rainfall stations in Qatar to 
increase the data length, which will in turn reduce the degree of uncertainty 
associated with design rainfall estimate. 
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CHAPTER 7 
 
7.0 IMPACT OF CLIMATE CHANGE ON 
DESIGN RAINFALL 
 
 
 
 
 
 
 
 
Abstract  
Extreme design rainfall in the form of intensity-duration-frequency (IDF) 
relationship is widely used in hydrologic design. This study is devoted to assess the 
impacts of climate change on IDF relationship in Qatar. The relationship between 
current (2010-2039), intermediate future (2040-2069) and the far future (2070-2100) 
IDF curves are analysed. An unbiased selection of suitable Coupled Model Inter-
comparison Project Phase 5 (CMIP5) model scenarios provides the basis for this 
analysis. A total of 61 Global Circulation Models (GCMs) with 609 emission 
scenarios are considered for the assessment. Samples are drawn from the selected 
multi-model ensemble and provide projections of the rate-of-change between current 
and future IDFs as predicted by the selected climate models and individual scenarios. 
A bootstrap analysis of the current period between 2010 to 2039 is carried out and 
compared with historical data. Both the median and the upper 68% confidence 
interval from the climate change analysis show increased rainfall from present to the 
future. Only the lower 68% confidence intervals show decreased rainfall. The upper 
68% confidence interval (approximately 66% of the 84-percentile value) from the 
climate change analysis is used to predict the future design rainfall providing a 
This chapter is partial reproduction of the following scholarly book chapter: 
 
Abdullah Al-Mamoon, Ataur Rahman, Niels E Joergensen (2017). Assessment of 
climate change impacts on extreme rainfall in Qatar using ensemble climate 
modelling approach. In: Hydrology in a Changing World, Editors: Shailesh Singh 
and Dhanya CT. 
(Under Review)  
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reasonable degree of safety for design of infrastructure with long design horizon. The 
results indicate an increase of up to 50% for the 100-year rainfall event from current 
to the intermediate scenario (2040-2069). The rate-of-change of the far future (2070-
2100) is at similar level as the intermediate period. The adopted methodology can be 
applied to other Gulf countries with an arid climate.  
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7.1 Overview 
This chapter begins with a review of recent works on the impact of climate change 
on design rainfall estimation. Based on the recent works, various climate models and 
their application are discussed and then the methodology for updating IDF data under 
changing climate conditions using a climate model ensemble approach is presented. 
This is followed by the results and discussion, and summary of the findings. 
7.2 Introduction 
Understanding of the climate change impact on hydrological conditions is considered 
to be a major challenge in the context of management of stormwater and 
infrastructure planning. According to the climate projections of the 
Intergovernmental Panel on Climate Change (IPCC), for the Arabian Peninsula, the 
future average annual rainfall may decrease, and the frequency and intensity of 
extreme rainfall events are likely to increase (IPCC, 2007). This study, in particular, 
focuses on the assessment of the impacts of climate change on extreme rainfall in 
Qatar. 
Climate change is a major future risk affecting multiple sectors in the Gulf countries 
including Qatar (MMUP, 2014b). Studies on rainfall in Qatar showed evidence of a 
greater spatial and temporal variability (Mamoon and Rahman, 2017). The 5
th
 phase 
of Coupled Model Inter-comparison Project (CMIP5) model results show that Qatar 
is at the high end of precipitation sensitivity to changes in average mean temperature 
(IPCC, 2013).   
There have been few studies on the application of CMIP5 models to extreme 
rainfalls. For example, Kawazoe and Gutowski (2013) analysed the ability of CMIP5 
models to produce heavy daily precipitation events in an upper Mississippi region. 
The study focused on the winter season during 1980-1999. By comparing the climate 
model output with observations, the study supports the use of CMIP5 models to 
assess the changes of heavy rainfall events in future climate scenarios. In another 
study, Chadwick et al. (2012) investigated the spatial pattern of precipitation change 
in fourteen CMIP5 models for the scenario rcp85 (Representative Concentration 
Pathways) between the historical 1971-2000 and 2071-2100. The study covers the 
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tropical region between 30°N-30°S which includes Qatar. The rate-of-change around 
Qatar is found to have the lowest magnitude in the studied tropical region. 
For climate impact assessment regarding design rainfall estimation, the availability 
of high quality long precipitation time series with high temporal and spatial 
resolution is essential (Haberlandt et al., 2015). A possible source of obtaining this 
data is through downscaling of data from a Global Climate Model (GCM) (Easterling 
et al., 1999). Typically, climate data simulated by GCMs have a horizontal resolution 
between approximately 150-300 km. Downscaling of information from GCMs to a 
finer spatial resolution is therefore used to assess the impacts of climate change at 
regional and local scales (Herath et al., 2016; Bates et al., 1998).  
Numerous GCMs and statistical downscaling methods have been applied to climate 
change impact studies, but none clearly recommended the most appropriate one for a 
particular application. Choice of GCMs is therefore considered extremely important 
in projecting impact of climate change (Camici et al., 2014).  Because multi-model 
ensembles contain information from all participating models (Pincus et al., 2008), it 
is generally believed that multi-model ensembles are superior to single GCM (Duan 
and Phillips, 2010; Miao et al., 2013).  
Climate model projections are associated with uncertainties from various sources. 
The most common sources of uncertainties include the GCMs used, climate 
downscaling techniques, emission scenarios, model structure and parameters (Chen 
et al., 2011; Xu et al., 2012; Osborne et al., 2013; Sellami et al., 2016). For example, 
Mandal et al. (2016) investigated different sources of uncertainty in the assessment 
of the climate change impacts on total monthly precipitation in the Campbell River 
basin, British Columbia, Canada. The results show that the selection of a 
downscaling method for Campbell River basin provides the largest degree of 
uncertainty when compared to the choice of GCM and/or emission scenario.  
Extreme design rainfalls in the form of IDF curves are used as an essential tool for 
the purpose of urban drainage system planning (Holesovsky, 2016). Worldwide, 
studies have been carried out assessing the impact of future climate on IDF curves.  
For example, Singh et al. (2016) assessed the impact of IDF curves for Roorkee, 
India using observed and an ensemble of GCMs. Analysis of the IDF curves 
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indicated an increase in precipitation intensities for all the RCP scenarios. Increase in 
the intensities of extreme storms was also observed by Zhu (2013) in various climatic 
regions across the USA with strong regional variations. Abiodun et al. (2016) 
observed an increase in the intensity and frequency of grid-point extreme rainfall 
events over three cities in Africa. 
Afrooz et al. (2015) investigated climate change impact on Probable Maximum 
Precipitation (PMP) in Chenar-Rahdar River Basin, southern Iran. Two GCMs 
(HadCM3 and CGCM3) used under A2 emission scenario. Comparison of the future 
to the base extreme rainfalls and PMP showed an increase of up to 18.2% and 27.3%, 
respectively by the two models. A study by Akbari et al. (2015) on the impact of 
climate change on IDF curves over the same Chenar-Rahdar River Basin indicated a 
decrease in short duration rainfall (1- and 3-hr) and increase in long duration rainfall  
(6-, 9-, and 12-hrs) intensities.  
Xu et al. (2012) modeled possible impacts of climate change on regional extreme 
precipitation (indicated by 24-hour design rainfall depth) at seven rainfall stations in 
the Qiantang River Basin, East China. The final results indicated that 24-hour design 
rainfall depth would increase in the majority of the stations under the three GCMs 
and emission scenarios. On the other hand, IDF curves developed by Herath et al. 
(2016) for future periods taking future climate change into account for Perth in 
Australia found decreasing rainfall depth for the 2020s, 2050s and 2080s. 
In a recent study, the climate change scenarios in Qatar were analyzed using two 
models (NCAR-CCSM and CSIRO-MK3.5) from the third phase of the Coupled 
Model Inter-comparison Project (CMIP3), available for AR4 (Mamoon et al., 2016). 
The results indicated an increase of 68- 76% for the 100-year rainfall depth from the 
current (2000-2029) to future scenario (2070-2099). 
From the above studies it appears that the impact of global warming on design 
rainfall varies with geographic location and it is not possible to draw any general 
conclusion across the globe from a particular study (Carlier and El Khattabi, 2016). 
Hence, region-specific studies are needed to assess the impacts of climate change on 
design rainfall for a specific region. This is the main motivation behind this study, 
which focuses on the use of the state-of-the-art CMIP5 models to assess the impacts 
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of climate change on design rainfall in Qatar till 2100. Qatar is investing 
significantly in infrastructure with long service lives such as large stormwater 
systems. These structures are required to be resilient under influence of climate 
change expected to occur within their design lives. The main objective of this study 
is to provide an estimation of the change in IDF curves under the influence of climate 
change up to year 2100.  
7.3 Study Area and Rainfall Data Selection  
Qatar is located off the eastern coast of Saudi Arabia, in the Arabian Gulf. Extreme 
rainfall intensities vary significantly over Qatar with higher intensity in the north 
compared to the south. The multi-model average of CMIP5 models also exhibits high 
seasonal variability of precipitation around Qatar at the end of 21st century.  
A total of 32 stations with daily data from Qatar and the surrounding countries were 
initially selected in the analysis presented in this chapter. The data period ranges 
from 1972 to 2015. In addition to Qatar data, the daily rainfall data from the 
neighboring Gulf countries including Bahrain, UAE and KSA were also included in 
the analysis. The majority of data collected measured as daily (24-hour) rainfall. The 
additional short duration rainfall data have also been used to derive rainfall 
distributions for short duration rainfall. Extensive quality control of collected rainfall 
data was carried out using several techniques that included application of double 
mass curve analysis, tests for record consistency between nearby gauges and 
discordance measurement tests. Rain gauges with fewer than 15 years of 
observations were excluded. After applying the above criteria, only 23 stations were 
retained for the analysis. The location of selected rain gauges is shown in Figure 3-
15. 
 
7.4 Current Climate IDF Curves  
The IDF curves for current climate in Qatar have been developed using similar 
approach adopted by the previous studies i.e. L moments based index frequency 
approach (Mamoon et al., 2014a, 2016). This study incorporates additional rainfall 
data from the years 2012-2015, and includes additional short duration rainfall data 
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from Qatar and three neighbouring countries as described in Section 7.3. The 
additional short duration rainfall data have also been used to derive better sub-daily 
rain depth ratios. The site L-moments are used to form homogeneous regions using 
H-statistics (Hosking and Wallis, 1997). A total of seven regions are tested with 
various combinations of stations. A homogeneous region consisting of 23 stations is 
selected, providing an Annual Maximum Series (AMS) with 1014 data points. The 
preferred homogeneous region is comprised of 19 Qatari stations, one Bahraini 
station, two KSA stations and one UAE station (total 23 stations). Based on Z-
statistics, the analysis indicated Pearson Type III (PE3) as the preferred three-
parameter statistical distribution. Additionally, upper and lower bounds for 68%- and 
95%-confidence-intervals of the regional curve were determined applying the 
procedure recommended by Hoskings and Wallis (1997). The current climate IDF 
curve for Doha Old Airport is shown in Figure 7-1. 
 
 
 
Figure ‎7-1 Current Climate IDF curve for Doha Old Airport 
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7.5 Methodology for development of future IDF curves 
7.5.1 Selection of Models and Scenarios 
The future climate conditions are established based on the Fifth Assessment Report 
(AR5) (IPCC, 2013). AR5 is based on CMIP5; with more than 50 models developed 
by 24 modeling groups around the world, the CMIP5 is the state-of-the-art multi-
model dataset with generally higher spatial resolution. Compared with the IPCC 
AR4, the GCM simulations in AR5 include a more diverse set of model types (Liu et 
al., 2013).  
The CMIP5 models represent a significant improvement over CMIP3 models used in 
the earlier study in Qatar (Mamoon et al., 2016), especially for simulation of global 
surface temperature, large-scale precipitation, climate variability and extreme events 
(IPCC, 2013). For precipitation, specifically it is found that the spatial pattern 
correlation between modelled and observed annual mean has increased from 0.77 for 
CMIP3 models to 0.82 for CMIP5 models (Flato et al., 2013). With these 
improvements, the current study is expected to capture a wider and more accurate 
range of variability in terms of design rainfall under climate change (Miao et al., 
2014). 
The CMIP5 models include two types of simulations: (i) near-term simulations (10- 
to 30-year time horizon), and (ii) long-term simulations (century time-scale, up to 
year 2100 and beyond). The scenarios for the long-term simulations are of interest 
for this study, as they are designed for comparison with observations or providing 
projection. 
There are 61 models from 22 modelling centers worldwide. Each model has been run 
with several scenarios, and in total there are 609 scenarios available for selection. 
Special conditions have been applied for selection of appropriate models and model 
scenarios for this study, which include:  
 The grid cell size of the model should not exceed 300 km × 300 km; and 
 The simulation output should have daily precipitation with continuous 
simulation covering the period from 2010 to 2100. 
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As a result of the above conditions, 16 models with 49 scenarios are found suitable 
for this study. Simulation data were downloaded from ESGF (Earth System Grid 
Federation) and WDCC (World Data Center for Climate Hamburg) homepage.   
AR5 models use a new set of greenhouse gas concentration (not emissions) 
trajectories called Representative Concentration Pathways (RCPs) (Moss et al., 
2010). There are four RCPs in CMIP5 model, with the high emission scenario 
designated as RCP85. The relevant model scenarios with official CMIP5 identifying 
labels, type of models used to perform scenarios and major purposes are summarized 
in Table 7-1.  In addition to RCPs, scenarios of piControl, esmrcp85 and esmControl 
from model INM-CM4 are also found to have the required projection period for this 
study. The global models for performing the CMIP5 scenarios include AOGCM 
(Atmosphere-ocean Climate Models), EMIC (Earth System Models of Intermediate 
Complexity), and ESM (Earth System Models) (Taylor et al., 2011). 
Table ‎7-1 List of relevant scenarios with CMIP5 (modified after Taylor et 
al., 2011) 
CMIP5 label Experiment description AOGCM 
ESM 
or 
EMIC 
Major 
purposes 
rcp45 
Future projection (2006–
2300) forced by RCP4.5 X X Projection 
rcp85 
Future projection (2006–
2300) forced by RCP8.5 X X Projection 
rcp26 
Future projection (2006–
2300) forced by RCP2.6 X X Projection 
rcp60 
Future projection (2006–
2100) forced by RCP6 X X Projection 
piControl Preindustrial control run X X 
Evaluation, 
unforced 
variability 
esmrcp85 
Future projection as in rcp85, 
but driven by CO2 emissions 
rather than concentrations   X Projection 
esmControl 
Preindustrial conditions 
imposed as in piControl, but 
with atmospheric CO2 
determined by the model 
itself   X 
Evaluation, 
carbon 
cycle 
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7.6 Rate-of-change estimation using multi-model ensemble 
For each selected CMIP5 model scenario, only the output from the cell covering 
Doha is used. To assess the rate-of-change, data from two periods are employed to 
represent the current and future projections. Data refers to average daily annual 
maximum precipitation from the cell covering Doha of each model.  
Three periods have been used for analysis: 
 P1: 2010-2039, represents the rainfall under current climate conditions; 
 P2: 2040-2069, represents the intermediate period; and 
 P3: 2070-2100, represents the rainfall under future climate conditions at the 
end of the 21st century. 
The model assumptions are as follows: 
 The selected scenarios are equally possible and unbiased.  
 Trends within each of the simulated periods P1, P2 and P2 are ignored. 
 Each P2 model is a realization of a future condition, but with different 
emission scenarios and different parameterization. The same assumption 
applies to P3. 
 The regional data from P1 is fitted with the PE3 distribution. This assumption 
is based on the Index Frequency Analysis (described in Section 7.4), in which 
the PE3 was the selected distribution for the homogeneous regions consisting 
of 23 sites. 
 The regional data from P2 and P3 are assumed to share the same type of 
distribution as data from P1, namely the PE3. 
 The Monte Carlo sample data drawn from the PE3 distribution will still fit a 
PE3 distribution, but with variable moments. 
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 The rate-of-change for a cell is the same as the rate of change for a point 
rainfall.  
The models are not specifically calibrated for a single location, but the rate-of-
change will be correctly reflected by the model for a certain location. However, 
model results of the current period (P1) deviating significantly from observed data 
are discarded from the analysis. 
It is assumed that 10000 Monte Carlo sample sets are statistically sufficient to 
capture the expected variation in the rate-of-change.  
7.7 Model screening 
To analyze the local impact of climate change, appropriate climate scenarios are 
selected (by screening) as presented below to capture the present-day climate of the 
study area. 
7.7.1 Screening I  
Screening I is based on the assumption that the data from climate models during 
period P1 represent the current condition in Doha. The regional frequency analysis 
identified 23 stations for the homogeneous region for Qatar. These 23 stations are 
taken as regional observations representing the "true" status of current conditions, 
and the AMS of the regional observations (daily data) and the P1 data for model 
screening. It should be noted that the P1 and P2 data in screening I has been divided 
by areal reduction factor (ARF) to convert point rainfall to areal rainfall. 
Figure 7-2 shows the scatter plot of the mean and standard deviation of both the 
regional observations (blue square) and the climate model results, P1 data (pink 
point). The blue ellipse is the best fit ellipse to regional observations using least 
squares approach. The P1 data (pink point) within this ellipse have high similarity 
with the regional observations in terms of mean and standard deviation of AMS. 
There are 27 sets of P1 data (pink point) located outside the blue ellipse, and these 
models have larger discrepancy with the regional observations. However, 
considering that the regional observation (1962 to 2015) and the P1 data (2010-2039) 
cover different periods, it is reasonable that the P1 data are showing certain deviation 
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from the regional observation. Therefore, the best fit ellipse is increased by four on 
major and minor axes to create the “critical ellipse”, shown as the blue dashed line 
ellipse in Figure 7-2 and P1 data within this ellipse are considered to resemble the 
regional observations in terms of mean and standard deviation of AMS. The models 
outside the critical ellipse are not directly rejected, instead, the P1 data are subject to 
bootstrap analysis and the mean and standard deviation of AMS of bootstrap samples 
are compared with the regional observations. Additional results are shown in 
Appendix C. 
Each set of P1 data covers 2010-2039, which are 10957 days of data (including data 
with rain depth equal to 0). Bootstrapping is applied to these 10957 days of data and 
partitioned in years to derive the AMS. This procedure is repeated 1000 times, 
generating 1000 sets of AMS for each set of P1 data. The result indicates that the 
major portions of the bootstrap samples are within the critical ellipse. There are five 
models with both original P1 data and 90% of the bootstrap samples located outside 
the critical ellipse (CCSM4_rcp26, CCSM4_rcp45, CCSM4_rcp60, CCSM4_rcp26 
and EC-EARTH_rcp26). These models are rejected due to limited similarity with the 
regional observations in terms of the mean and standard deviation of AMS. 
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Figure ‎7-2 Mean and standard deviation of AMS data from 23 stations of 
regional observations and 49 sets of P1 data (pink point). The inner blue ellipse 
is the best-fit ellipse of the regional observations, while the major and minor 
axes of the outer ellipse are four times of the inner one 
Besides the mean and standard deviation, the discordancy measure (Hosking and 
Wallis, 1997) is also used for model screening. For each model, the discordancy 
statistic is the measure of the discordancy between the P1 data of this model and the 
regional observations. For regions with 15 sites or more, Hosking and Wallis (1997) 
suggested the critical discordancy value to be 3, sites with discordancy higher than 3 
are regarded as discordant. However, considering the source of difference of the 
regional observation and P1 data, together with their data range difference, the 
critical discordancy value is increased by 2, which means model scenarios with 
discordancy statistic greater than 6 are taken as discordant from the regional 
observation, and they are MPI-ESM-LR_rcp26, MPI-ESM-LR_rcp45, MPI-ESM-
LR_rcp85 and MPI-ESM-MR_rcp45. 
7.7.2 Screening II 
There are 40 model scenarios remaining after screening I. Screening II is based on 
the assumption that distribution of AMS from P1, P2 and P3 data follow a PE3 
distribution. The goodness of fit is evaluated by the Kolmogorov-Smirnov test (KS-
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test) using AMS data. The critical value for sample size 30 (2010-2039, 2040-2069, 
2070-2099), with significance level of 5% is 0.2417 for the hypothesized distribution 
(PE3), and if the computed KS-statistic is higher than 0.2417, the hypothesis is 
rejected. The results of the KS test show that the rejected fitting is P1 data of 
ACCESS1-3_rcp85, and CESM1-BGC_rcp45, CMCC-CM_rcp45 and EC-
EARTH_rcp85 of P2 data, and these four model scenarios are therefore excluded.  
7.8 Multi-model ensemble  
Instead of relying on the outcomes of a single model, there is an increasing use of 
ensembles of a large number of models for assessing the impact of future climate. 
The multi-model ensemble has been shown to be more efficient in improving the 
accuracy and consistency of the predictions than a single climate model (Tebaldi and 
Knutti, 2007; Koutroulis et al., 2013).  
There are in total 39 model scenarios for applying multi-model ensemble, and the 
adopted procedure of deriving rate-of-change is presented below. 
Drawing sample by Monte Carlo simulation 
For each model scenario (m1, m2, m3 … mn), draw 10 000 Monte Carlo samples 
from its fitted PE3 distribution. A single set of Monte Carlo sample is: 
(𝑑1𝑝1,𝑖,𝑘, 𝑑2𝑝1,𝑖,𝑘, 𝑑3𝑝1,𝑖,𝑘 … 𝑑30𝑝1,𝑖,𝑘) = 𝑅𝑎𝑛𝑑𝑜𝑚(𝐷𝑃1,𝑖) 
(𝑑1𝑝2,𝑖,𝑘, 𝑑2𝑝2,𝑖,𝑘, 𝑑3𝑝2,𝑖,𝑘 … 𝑑30𝑝2,𝑖,𝑘) = 𝑅𝑎𝑛𝑑𝑜𝑚(𝐷𝑃2,𝑖) 
(𝑑1𝑝3,𝑖,𝑘, 𝑑2𝑝3,𝑖,𝑘, 𝑑3𝑝3,𝑖,𝑘 … 𝑑30𝑝3,𝑖,𝑘) = 𝑅𝑎𝑛𝑑𝑜𝑚(𝑃3,𝑖)                        (7.1) 
The sample size is consistent with the original data size, which have 30 data in each 
set.  (d1p1,i,k, d2p1,i,k, d3p1,i,k … d30p1,i,k) are samples drawn from the fitted 
distribution (DP1,i) of AMS of the P1 data of model scenario mi, while 
(d1p2,i,k, d2p2,i,k, d3p2,i,k … d30p2,i,k) are samples drawn from the fitted distribution 
(DP2,i) of AMS of the P2 data of model scenario mi , and 
(d1p3,i,k, d2p3,i,k, d3p3,i,k … d30p3,i,k) are samples drawn from the fitted distribution 
(DP3,i ) of AMS of the P3 data of model scenario mi. Here i denotes the ith model 
scenario, and k denotes the kth Monte Carlo sample. To avoid highly correlated 
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samples, the 10000 samples' Pearson Correlation coefficients are controlled to be 
within -0.9 and 0.9. 
Drawing quantile values from samples 
Each Monte Carlo sample is also fitted with a PE3 distribution, from which the 
quantile values Q for certain typical design ARIs are computed. The design ARIs are 
1, 2, 5, 10, 20, 25, 50, 100, 500, 1000 and 10000 years, and the corresponding 
quantiles are noted as: 
Qp1,i,k (T), T = 1, 2, 5, 10, 20, 25, 50, 100, 500, 1000, 10000 
Qp2,i,k (T), T = 1, 2, 5, 10, 20, 25, 50, 100, 500, 1000, 10000 
Qp3,i,k (T), T = 1, 2, 5, 10, 20, 25, 50, 100, 500, 1000, 10000 
Where p1 denotes sample corresponding to P1 data and p2 denotes sample 
corresponding to P2 data and p3 denotes sample corresponding to P3 data,  𝑖 denotes 
the i-th model scenario, and 𝑘 denotes the k-th Monte Carlo sample.  
The overall methodology adopted in this study is summarized in Figure 7-3.  
7.9 Results and Discussions 
7.9.1 Summary of screened scenarios  
Screening I and screening II rejected ten model scenarios, which are ACCESS1-
3_rcp85, CCSM4_rcp26, CCSM4_rcp45, CCSM4_rcp60, CCSM4_rcp26, EC-
EARTH_rcp26, MPI-ESM-LR_rcp26, MPI-ESM-LR_rcp45, MPI-ESM-LR_rcp85 
and MPI-ESM-MR_rcp45.  
There are in total 609 scenarios of CMIP5 models. 77 scenarios could not be used 
due to usage restrictions of the models. A major part of the scenarios (483) are not 
suitable for this study due to the specific requirement on model discretization and 
data range as discussed in Section 7.7. As a result, 49 scenarios were used for 
screening.  
Screening I excluded three rcp26 scenarios, three rcp45 scenarios, one rcp60 and two 
rcp85 scenarios. Screening II excluded two rcp45 and two rcp85 scenarios. As a 
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result, there are 36 scenarios suitable for applying the multi-model ensemble. They 
include 11 rcp45 scenarios, 12 rcp85 scenarios, 6 rcp26 scenarios, 4 rcp60 scenarios, 
1 piControl scenario, 1 esmrcp85 scenario and 1 esmControl scenario. 
 
 
Figure ‎7-3 Schematic of the procedure adopted in this study 
7.9.2 Computation of rate-of-change  
The rate-of-change is used to represent the relation between rainfall event of P2 (or 
P3) and that of P1. It is computed as: 
Rp1-p2,i,k (T) = Qp2,k,i (T) / Qp1,k,i (T) – 1 (7.2) 
Rp1-p3,i,k (T) = Qp3,k,i (T) / Qp1,k,i (T) – 1 
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With 36 model scenarios and 10000 Monte Carlo samples from each model scenario, 
the size of ensemble is 36 × 10000 = 360000 (360000 for P1 data and 360000 for P2 
data, respectively). The median, 68%, 90% and 95% uncertainty range of the 360000 
sets of Rp1-p3,i,k (T) are used to represent the uncertainty range of rainfall event 
variation at the end of 21st century, as illustrated in Figure 7-4. In general, the 
median of the 360000 ensemble illustrates a slightly decreasing tendency with 
increasing design average recurrence interval (ARI), which means the short ARI 
rainfall will experience a higher magnitude of variation at the end of 21st century 
than the long ARI rainfall. 
 
 
 
 
 
 
 
 
 
 
 
The rate-of-changes found in this study are compared with similar studies carried out 
in other countries. For example, the changes of seasonal precipitation extremes in 
UK by 2070-2100 were evaluated by Fowler and Ekström (2009) applying multi-
model ensemble on thirteen regional climate models under SRES A2 emission 
scenario. For daily extreme rainfall of 5-year event, the study suggested 10-30% 
increases in spring, autumn and winter rainfalls by 2010-2070. Projections are 
similar for the 25-year event, with larger uncertainty. The median rate-of-change of 
Figure ‎7-4 The 360,000 sets of Rp1-p3,i,k (T) together with their median, the 
68%, 90%  and 95% uncertainty range 
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our study is around 13% for 5-year event and 12% for 25-year event, which is at the 
lower end of the rate-of-change found in the UK. 
Similar climate studies, based on results from 40 CMIP 5 models, reported by the 
Department of the Environment, (Australian Government, 2015) provide a range of 
projections for major climatic parameters including rainfall. The median projections 
for a 20-year rainfall event at the end of the century are predicted to increase by 10-
15% for RCP 4.5 and 20-25% for RCP 8.5.  
The rate-of-changes predicted for Denmark are in the same range as the values in 
Australia with median values for a short duration 1-hour rainfall under climate 
change year 2100 vary from 10-20%, while the 84-percentile (upper part of the 68% 
confidence intervals) vary from 20%-50% depending on the ARI (IDA, 
Spildevandskomiteen, 2014). The worst projections predict more than a 100% 
increase in extreme rainfall between 200% and 280%. The standard rate-of-change 
adopted in Denmark is approximately 66% of the 84-percentile value (for 1-hour and 
100-year ARI). 
A study from Antalya, Turkey, a location considerable closer to Qatar, conducted by 
Yilmaz (2017) predicted an increase in the median value of 11% for a 10-year event, 
20% for 20-year event and 37% for 100-year event using a single climate model 
(Reg3CM3). The results indicated more significant changes in the median value 
compared to the current study. Table 7-2 summarizes the results from the Qatari, 
Australian, Danish and Turkish studies. 
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Table ‎7-2 Summary of rate-of-changes for year 2100 for a 1-hour rainfall 
event for various ARI for the countries Qatar (this study), Australia (Australian 
Government, 2015), Denmark (IDA, 2014) and Antalya, Turkey (Yilmaz, 2017) 
 
 
7.10 Transforming IDF curves to future conditions  
Transition between current baseline meteorological conditions and future 
meteorological conditions is expressed by a climate change factor expressed as 
(Yilmaz, 2017)/( IDA, Spildevandskomiteen, 2014): 
 
𝐶𝐹(𝑇, 𝑑, 𝑡 + 𝛥𝑡) =
𝐼𝐹𝑢𝑡
𝐼𝐶𝑢𝑟
=
𝐼𝐹𝑢𝑡(𝑇, 𝑑, 𝑡 + ∆𝑡)
𝐼𝐶𝑢𝑟(𝑇, 𝑑, 𝑡 + ∆𝑡)
= 1 +  𝑅𝑡,𝑡+∆𝑡 (T, d) 
(7.3) 
Where, 
IFut = Future rainfall intensity [mm/hr] 
ICur = Current rainfall intensity [mm/hr] 
Rt,t+Δt = Rate of change from t to t+Δt 
2 10 20 50 100
Qatar - 84% percentile (upper bound 68%
confidence interval) 60% 60% 62% 70% 74%
Qatar - 95% percentile (upper bound 90%
confidence interval) 210% 210% 220% 230% 240%
Qatar median value 14% 12% 12%  - 11%
Denmark - 84 percentile 30% 42% 45%  - 57%
Denmark- standard climate change value 20% 30% 31%  - 40%
Denmark - high climate change value 40% 70% 73%  - 200%
Denmark - median 10% 18% 20%  - 22%
Australia - 95 percentile (East Australia) -
high emission  - - 45%  -  -
Australia - 95 percentile (East Australia) -
low emission  - - 45%  -  -
Australia - median (East Australia) - high
emission  - - 22%  -  -
Australia - median (East Australia) - Low
emission  - - 13%  -  -
Turkey (Antalya) - median-limited to one
climate change scenario  - 10% 20%  - 40%
ARI (Years)Rate-of-change values                              
(1-hr duration rainfll)
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CF = Climate Change Factor 
T = Average Recurrence Interval [years] 
d = Duration of rainfall [minutes] 
t = The current [year] 
Δt = The number of years into the future from current date [year] 
The future IDF relations are found through conversion of the current to future rainfall 
design criteria expressed as: 
 𝐼𝐹𝑢𝑡(𝑇, 𝑑, 𝑡 + 𝛥𝑡) = 𝐼𝐶𝑢𝑟(𝑇, 𝑑, 𝑡) 𝐶𝐹(𝑇, 𝑡 + 𝛥𝑡) (7.4) 
Several aspects must be considered while choosing rate-of-change for updating IDF 
for the future scenario in Qatar, such as the design horizon, the replacement cost, the 
interest rate, the sensitivity of the infrastructure and the cost of waiting until more 
information becomes available. There is a 50% chance the median value will be 
exceeded, hence the median value would be an unsafe choice. Considering the 
Danish standard, it has been chosen to use approximately 66% of the 84-percentile 
value equivalent to the upper 68%-confidence interval and apply this value for all 
ARIs in Qatar. The computed and proposed rate-of-change values for Qatar for the 
different ARIs are shown in Table 7-3. The results indicate an increase of up to 50% 
for the 100-year rainfall event from current to the intermediate scenario (2040-2069). 
The rate-of-change for the far future (2070-2100) is at similar level as the 
intermediate period.  
Future IDF curves for year 2100 have been developed by applying the developed 
climate change factor as indicated by equation 7.4.  As an example, the IDF curve for 
year 2100 for Doha old airport is shown in Figure 7-5. 
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Table ‎7-3 Rate-of-change (84-percentile values equivalent to the upper 
68%-confidence interval) values for design rainfall in Qatar due to climate 
change 
ARI (year) Computed rate-of-change
#
  Proposed rate–of-change#* 
(2040-2069) (2070-2099) (2040-2069) (2070-2099) 
2 42% 53% 30% 30% 
5 42% 44% 30% 30% 
10 49% 46% 30% 30% 
20 56% 50% 40% 30% 
25 59% 51% 40% 30% 
50 66% 56% 40% 40% 
100 73% 59% 50% 50% 
# based on 84-percentile values equivalent to the upper 68%-confidence interval 
#* based on 66% of the climate change factor based on 84-percentile 
 
 
Figure ‎7-5 Future IDF curves (year 2100) for Doha Old Airport under 
climate change (applied rate-of-change value for climate change 30% for 2 to 10 
years, 40% 20 years to 50 years ARIs and 50% beyond for 100-yr ARI) 
 
7.11 Summary 
The study evaluates climate change impacts based on IPCC's most recent climate 
models used in AR5. In order to reduce the uncertainty, this study uses ensemble 
0.1
1.0
10.0
100.0
1000.0
5 50 500
R
a
in
fa
ll
 i
n
te
n
si
ty
 [
m
m
/h
] 
2-yr 5-yr 10-yr 20-yr 25-yr 50-yr 100-yr
Western Sydney University  CHAPTER 7 
Rainfall Analysis Under Changing Climate Regime in Qatar 129 | P a g e  
approach that includes new generation of CMIP5 models with generally higher 
spatial resolution.  
In this study, the relationship between current (2010-2039), intermediate future 
(2040-2069) and the far future (2070-2100) IDF curves are examined. A total of 61 
GCMs with 609 emission scenarios are considered. Samples are drawn from the 
selected multi-model ensemble to provide projections of the rate-of-change between 
current and future IDFs as predicted by the selected climate models and individual 
scenarios. A bootstrap analysis of the current period between 2010 to 2039 is carried 
out and compared with historical data. The climate models are rejected if the 
deviations between the bootstrapped data and the historical measured data show 
notable deviation.  
Both the median and the upper 68% confidence interval of the rate of change from 
the climate change analysis show increased rainfall from present to the future. Only 
the lower 68% confidence intervals show decreased rainfall. The upper 68% 
confidence interval from the climate change analysis is used to predict the future 
design rainfall. 
The result shows that the rate-of-change of intermediate period (2040-2069) is at 
similar level as the far future (2070-2099). There is a slightly larger increase for 
rainfall of short and intermediate ARIs (<100 years) and lower magnitude increases 
for extreme rainfall (> 100 year ARIs) at far future, considering the median values. 
However, the confidence intervals, widens with increase in the ARI, accordingly, the 
typical rate-of-changes increase with increasing ARI taking safety into account.  
The rate-of-change due to climate change obtained from this study is compared with 
similar studies in Australia, Denmark and Turkey. Considering the Danish standards, 
it is recommended to use rate-of-change for Qatar based on approximately 66% of 
the 84-percentile value equivalent to the upper 68%-confidence interval. This 
provides a reasonable degree of safety for design of infrastructure with long design 
horizon in Qatar.  
The future IDF curves to account for climate change have been developed by 
applying the recommended rate-change-values to the IDF curves developed for the 
present condition. The climate change factor is introduced given as (1+rate of 
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change). The climate factor is multiplied with the current IDF intensities to derive 
the future IDF curves. The adopted methodology can be applied to other Gulf and 
similar countries.    
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CHAPTER 8 
8.0 SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS 
 
8.1 Overview 
Design rainfall is a basic input to the hydrological models used for estimating design 
flows. These design flows are required in the planning and design of storm water 
infrastructure, hydraulic structures, flood management works and various 
environmental and ecological studies. Design rainfall is generally expressed by IDF 
curves. This thesis focuses on design rainfall estimation, in particular trends and 
variability in rainfall indices, selection of probability distributions in frequency 
analysis of rainfall data, uncertainty assessment and evaluation of climate change 
impact on design rainfall. This study uses data mainly from Qatar located in the 
Arabian Gulf. This chapter presents results and conclusions drawn from this research 
and recommendations for future research. 
8.2 Summary of the research undertaken in this thesis 
8.2.1 Selection of study area and data 
Qatar, located in the Gulf region of the middle-east has been selected as the study 
area for this research. Qatar has a very dry and arid climate with large areas of urban 
developments, majority of which is concentrated to the east coast. Similar to other 
Arabian Gulf countries, the precipitation in Qatar varies significantly throughout the 
year both in temporal and spatial scale. Although rainfall in Qatar is very small, flash 
flooding has occurred in the past years due to short duration intense rainfall. Rainfall 
data from a total of 35 rainfall stations from Qatar and nearby Gulf countries have 
been used in this study. The neighboring countries include Saudi Arabia, Bahrain, 
Oman and UAE.  A comprehensive quality check has been carried out in collating 
these rainfall data. This quality assurance consists of four steps, a transcription 
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procedure, a DMC analysis, a consistency check between neighbouring gauges and a 
statistical discordancy test. Any station failing the quality assurance test are excluded 
from the analysis. It should be noted that different subsets of these stations have been 
used in the analysis and modelling presented in Chapters 4, 5, 6 and 7 of this thesis.  
8.2.2 Trends in rainfall data 
This research examined spatial and temporal distributions of rainfalls in Qatar using 
fifteen different rainfall indices including annual rainfall, monthly rainfall, daily 
maximum rainfall and the number of rainy days. A combination of Mann-Kendall 
and Spearman’s Rho tests are adopted to identify trends in the rainfall data. The 
precipitation in Qatar is characterized by significant year to year variability which is 
confirmed by relatively large coefficient of variation values for the selected rainfall 
indices. The average annual rainfall across Qatar is found to vary from 55.5 to 99 
mm. A sharp gradient in average annual rainfall is noticed, with north of the country 
having higher values than the south. A mixed trend, both increasing (upward) and 
decreasing (downward) for most of the rainfall indices is identified. It should be 
noted that annual total rainfall showing increasing trends are located mainly in the 
central part of Qatar. However, no relationship between spatial location and the 
elevation of rain gauges is found with the identified trends. Annual total and 
maximum daily rainfalls show mixed trends, while rainy days show an increasing 
trend. For the rainy seasons, the total rainfall during the months of December-
January-February show an increasing trend and March-April rainfall show a 
decreasing trend, reflecting that seasonal rainfall in Qatar is changing.  
8.2.3 Selection of best-fit probability distribution 
This study identifies the best fit probability distribution for Qatar for annual 
maximum (AM) rainfall data based on fourteen different probability distributions 
and three goodness-of-fit tests, Kolmogorov-Smirnov, Anderson-Darling and Chi-
squared tests. Results indicate that there is no single distribution that fits the AM data 
for all the selected stations. Based on a relative scoring method, the GEV distribution 
is found to be the best fit distribution for 72% of the selected stations.  
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8.2.4 Uncertainty analysis using Monte Carlo simulation and bootstrapping 
techniques 
A modelling framework is developed to quantify uncertainty in design rainfall 
estimation arising from limited data length using Monte Carlo simulation technique. 
While bootstrapping is used to define standard error in the sample estimates of mean, 
standard deviation and skewness of the observed AM rainfall data. Results from 
bootstrapping show that the estimate of the mean is associated with the smallest 
degree of standard error, whilst skewness has the highest error level. The coefficient 
of variation (CV) of standard deviation estimate is found to be 12 times higher than 
that of the mean. Furthermore, the CV of skewness estimate is found to be 26.18 
times higher than that of the mean. It has been found that the confidence band 
(measure of uncertainty) increases with increasing ARI.  
8.2.5 Impacts of climate change in design rainfall 
This study assesses the impacts of climate change on the design rainfall estimation in 
Qatar based on IPCC's most recent new generation of climate models. Three time 
periods, current (2010-2039), intermediate future (2040-2069) and the far future 
(2070-2100) are considered in the analyses. A total of 61 GCMs with 609 emission 
scenarios are considered for the assessment. Samples are drawn from the selected 
multi-model ensemble and provide projections of the rate-of-change between current 
and future IDFs as predicted by the selected climate models and individual scenarios. 
A bootstrap analysis of the current period between 2010 to 2039 is carried out and 
compared with historical data. Both the median and the upper 68% confidence 
interval from the climate change analysis show increased rainfall from present to the 
future. Only the lower 68% confidence intervals show decreased rainfall. The results 
indicate an increase of up to 50% for the 100-year rainfall event from current to the 
intermediate scenario (2040-2069). The rate-of-change of the far future (2070-2100) 
is at similar level as the intermediate period.   
8.3 Conclusions  
This thesis has focused on detection of trends in rainfall indices in Qatar, selection of 
the best fit probability distributions, uncertainty analysis and impacts of climate 
change on design rainfall estimation. The following major conclusions can be drawn 
from this study: 
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 It has been found the rainfall in Qatar is characterized by significant year to year 
variability. A sharp gradient in average annual rainfall is noticed, with north of 
Qatar having higher values than the south.  
 It has been found that rainfall indices in Qatar have mixed trends (both positive 
and negative trends) throughout the country. Stations showing increasing trend 
in annual total rainfall are mainly located in the central part of Qatar. 
 In terms of seasonal rainfall, monthly total rainfalls in October-November and 
December-January-February show increasing trends for about 80% of the 
stations (without considering the level of significance); however, for March-
April about 70% of the stations show decreasing trends as per the Mann-Kendall 
test. These results indicate that seasonal rainfall is changing in Qatar. 
 Significant increasing trends are found in rainy days with light intensity of 
rainfall (equal to greater than 1 mm).  
 It has been found that there is no single best fit probability distribution for the 
annual maximum 24-hour duration rainfall events at the selected stations in 
Qatar. However, based on a relative scoring method, the GEV distribution is 
found to be the best fit distribution for 72% of the selected stations. 
 Result from bootstrapping show that the estimate of mean (of the annual 
maximum 24-hour duration rainfall events) has much smaller standard error than 
skewness. The coefficient of variation (CV) of skewness is found to be 26 times 
higher than that of the mean. This clearly demonstrates that the sample estimate 
of skewness is associated with a high degree of sampling uncertainty/error. 
Rainfall quantile estimates of higher average recurrence intervals (ARIs) are 
greatly influenced by skewness, compared with standard deviation and mean. 
For Qatar, a longer record length is very desirable in order to reduce the 
uncertainty in higher rainfall quantile estimates, in particular for the higher ARI 
ranges, which are needed to design important drainage infrastructures. 
 Based on the results of Monte Carlo simulation, it has been found that the 
confidence band (measure of uncertainty) increases with increasing ARI. The 
100 year ARI design rainfall intensity has the highest degree of uncertainty 
among the six ARIs (2 to 100 years) considered in this study. 
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 It has been found that climate change will have significant impact on design 
rainfall in Qatar. The results indicate an increase of up to 50% for the 100-year 
rainfall event from current to the intermediate scenario (2040-2069). The rate-
of-change of the far future (2070-2100) is at similar level as the intermediate 
period.   
8.4 Recommendations for further study 
 It is recommended to repeat the analyses undertaken in this study with long 
duration rainfall data when such data (with sufficient length) are available in 
future. 
 It would be desirable to analyse temporal and spatial variability of design 
rainfall for short and long durations when continuous pluviograph data (with 
sufficient length and at many locations) are available in future. 
 It is recommended to carry out non-stationary frequency analysis to assess the 
impact of climate variability and change on design rainfall in Qatar. Also, the 
results from such analyses should be compared with the global climate models 
based analyses.  
 It would be desirable to adopt improved downscaling of climate models for 
better future predictions of design rainfall. Also, it is recommended to develop 
a regional climate model for Qatar and surrounding countries. 
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APPENDIX A: ADDITIONAL RESULTS  
RELATED TO CHAPTER 3 
 
Figure A-1 Histograms of total annual and annual maximum (AM) daily rainfall 
data for all the selected stations  
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Table A-1 Results of double mass curve analysis listing slope break year, F-test 
computed (F) and tabulated (Fcrit) values. Values are in bold where F > Fcrit.  
 
Station 
ID 
Station Name Slope Break 
Year 
F Fcrit 
001 Al Ruwais 1997 3.47 4.09 
002 Rodhat Al Faras 1986 1.57 4.09 
004 Al Nasraniyah 1979 3.72 4.09 
005 Umm Bab 2000 1.34 4.09 
006 Mile 32 1993 6.94 4.09 
007 Decca 1981 3.46 4.09 
008 Al Jamiliyah 1993 2.54 4.23 
010 Mesaieed 1986 2.03 4.09 
011 Al Karaana 2004 1.14 4.09 
012 Al Khararah 1996 3.10 4.09 
013 Al Amiriyah 1986 1.91 4.09 
014 Traina 1988 4.26 4.09 
015 Abu Samra 2008 2.43 4.23 
016 Sauda Nithil 1995 0.66 4.23 
017 Wadi Al Wasa 1997 1.60 4.09 
018 M Saikah 1985 4.72 4.09 
019 Al Utoriyah 2001 3.39 4.23 
022 Al Magida 1981 3.01 4.09 
024 Umm Al Shokhot 2008 4.77 4.09 
025 Dokhan 1979 6.17 4.09 
026 Umm Al Afaiye 2003 6.23 4.09 
027 Umm Al Mawagie 1983 1.31 4.09 
028 Al Siliyah 1988 0.80 4.09 
029 Al Wekair 2007 3.13 4.09 
030 Montaza Park 1995 2.63 4.23 
032 Rodhat Harma 2004 3.68 4.23 
031 Doha International Airport 1982 3.97 4.14 
034 Al Khor 1993 6.23 4.23 
035 Al Ghuwairiyah N/A N/A N/A 
403 Dammam 1991 1.10 4.67 
416 Hofuf 1988 0.96 4.67 
419 Salwa 1988 0.95 4.67 
100 Manama 1989 0.83 4.67 
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Figure A-2  Example of double mass curve analysis
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Figure A-3 Overview of neighbouring stations within 20 km of each of the gauges 
passing the DMC and transcriptions QA steps 
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Table A-2 Pairwise comparison of annual sum and annual daily max 
neighbouring gauges within 20 km radius. Percent differences greater than 15% 
are highlighted. 
 
Station, 
at center 
Station, 
pair 
Distance 
(km) 
Diff of Annual Sum Diff of Annual Max 
Value(mm) Perc. Value(mm) Perc. 
002 022 12 9.4 10% 0.4 1% 
004 019 19 5.7 7% 3.1 12% 
007 027 16 16.4 23% 7.2 34% 
007 028 10 1.0 1% 1.9 9% 
008 019 17 12.3 15% 3.6 14% 
010 029 15 11.0 17% 1.9 9% 
011 012 9 9.2 12% 2.8 11% 
011 013 20 3.1 4% 1.8 7% 
012 011 9 9.2 14% 2.8 13% 
012 013 12 6.1 9% 1.0 5% 
013 011 20 3.1 4% 1.8 8% 
013 012 12 6.1 8% 1.0 4% 
017 032 11 7.3 8% 0.4 2% 
019 004 19 5.7 6% 3.1 11% 
019 008 17 12.3 13% 3.6 12% 
019 032 14 9.7 11% 3.7 13% 
022 002 12 9.4 11% 0.4 1% 
027 007 16 16.4 19% 7.2 25% 
027 032 20 4.6 5% 3.0 11% 
028 007 10 1.0 1% 1.9 8% 
028 029 14 3.1 4% 0.5 2% 
028 030 14 1.7 2% 2.5 11% 
029 010 15 11.0 15% 1.9 8% 
029 028 14 3.1 4% 0.5 2% 
029 030 13 1.4 2% 2.1 9% 
030 028 14 1.7 2% 2.5 10% 
030 029 13 1.4 2% 2.1 8% 
032 017 11 7.3 9% 0.4 2% 
032 019 14 9.7 12% 3.7 15% 
032 027 20 4.6 6% 3.0 12% 
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APPENDIX B: ADDITIONAL RESULTS 
RELATED TO CHAPTER 4 
 
Figure B-1 Percentage of stations showing trend- MK test 
 
 
Figure B-2 Percentage of stations showing no trend- MK test 
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APPENDIX C: ADDITIONAL RESULTS  
RELATED TO CHAPTER 7 
 
Table C-1 List of CMIP5 Global Climate Models (GCMs) 
 (Randall et al., 2007) 
Modelling 
Centre 
Model Institution Terms of Use 
BCC 
BCC-CSM1.1 Beijing Climate Center, China 
Meteorological Administration 
unrestricted 
BCC-CSM1.1(m) 
CCCma 
CanAM4 
Canadian Centre for Climate Modelling and 
Analysis 
unrestricted CanCM4 
CanESM2 
CMCC 
CMCC-CESM 
Centro Euro-Mediterraneo per I 
Cambiamenti Climatici 
unrestricted CMCC-CM 
CMCC-CMS 
CNRM-
CERFACS 
CNRM-CM5 
Centre National de Recherches 
Meteorologiques / Centre Europeen de 
Recherche et Formation Avancees en Calcul 
Scientifique 
unrestricted 
CNRM-
CERFACS 
CNRM-CM5-2 
Centre National de Recherches 
Meteorologiques / Centre Europeen de 
Recherche et Formation Avancees en Calcul 
Scientifique 
unrestricted 
COLA and 
NCEP 
CFSv2-2011 
Center for Ocean-Land-Atmosphere Studies 
and National Centers for Environmental 
Prediction 
unrestricted 
CSIRO-
BOM 
ACCESS1.0 
CSIRO (Commonwealth Scientific and 
Industrial Research Organisation, Australia), 
and BOM (Bureau of Meteorology, 
Australia) 
unrestricted 
ACCESS1.3 
CSIRO-
QCCCE 
CSIRO-Mk3.6.0 
Commonwealth Scientific and Industrial 
Research Organisation in collaboration with 
the Queensland Climate Change Centre of 
Excellence 
unrestricted 
EC-EARTH EC-EARTH EC-EARTH consortium unrestricted 
FIO FIO-ESM 
The First Institute of Oceanography, SOA, 
China 
unrestricted 
GCESS BNU-ESM 
College of Global Change and Earth System 
Science, Beijing Normal University 
unrestricted 
INM INM-CM4 Institute for Numerical Mathematics unrestricted 
IPSL 
IPSL-CM5A-LR 
Institut Pierre-Simon Laplace unrestricted IPSL-CM5A-MR 
IPSL-CM5B-LR 
LASG-
CESS 
FGOALS-g2 
LASG, Institute of Atmospheric Physics, 
Chinese Academy of Sciences; and CESS, 
unrestricted 
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Modelling 
Centre 
Model Institution Terms of Use 
Tsinghua University 
LASG-IAP 
FGOALS-gl LASG, Institute of Atmospheric Physics, 
Chinese Academy of Sciences 
unrestricted 
FGOALS-s2 
MIROC 
MIROC4h 
Atmosphere and Ocean Research Institute 
(The University of Tokyo), National 
Institute for Environmental Studies, and 
Japan Agency for Marine-Earth Science and 
Technology 
non-commercial 
only 
MIROC5 
MIROC 
MIROC-ESM Japan Agency for Marine-Earth Science and 
Technology, Atmosphere and Ocean 
Research Institute (The University of 
Tokyo), and National Institute for 
Environmental Studies 
non-commercial 
only MIROC-ESM-CHEM 
MOHC 
(additional 
realizations 
by INPE) 
HadCM3 
Met Office Hadley Centre (additional 
HadGEM2-ES realizations contributed by 
Instituto Nacional de Pesquisas Espaciais) 
unrestricted 
HadCM3Q 
HadGEM2-A 
HadGEM2-CC 
HadGEM2-ES 
MPI-M 
MPI-ESM-LR 
Max Planck Institute for Meteorology (MPI-
M) 
unrestricted MPI-ESM-MR 
MPI-ESM-P 
MRI 
MRI-AGCM3.2H 
Meteorological Research Institute 
non-commercial 
only 
MRI-AGCM3.2S 
MRI-CGCM3 
MRI-ESM1 
NASA GISS 
GISS-E2-H 
NASA Goddard Institute for Space Studies unrestricted 
GISS-E2-H-CC 
GISS-E2-R 
GISS-E2-R-CC 
NASA 
GMAO 
GEOS-5 
NASA Global Modeling and Assimilation 
Office 
unrestricted 
NCAR CCSM4 National Center for Atmospheric Research unrestricted 
NCC 
NorESM1-M 
Norwegian Climate Centre unrestricted 
NorESM1-ME 
NICAM NICAM.09 
Nonhydrostatic Icosahedral Atmospheric 
Model Group 
non-commercial 
only 
NIMR/KM
A 
HadGEM2-AO 
National Institute of Meteorological 
Research/Korea Meteorological 
Administration 
unrestricted 
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Modelling 
Centre 
Model Institution Terms of Use 
NOAA 
GFDL 
GFDL-CM2.1 
Geophysical Fluid Dynamics Laboratory unrestricted 
GFDL-CM3 
GFDL-ESM2G 
GFDL-ESM2M 
GFDL-HIRAM-C180 
GFDL-HIRAM-C360 
NSF-DOE-
NCAR 
CESM1(BGC) 
National Science Foundation, Department of 
Energy, National Center for Atmospheric 
Research 
unrestricted 
CESM1(CAM5) 
CESM1(CAM5.1, FV2) 
CESM1(FASTCHEM) 
CESM1(WACCM) 
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Table C-2 L-Moments and discordancy statistic (Di) of AMS of the P1 data. The 
model scenarios with Di higher than 6 are highlighted in yellow 
Model scenario L1 
[mm/d] 
L2 L3 L4 Di 
ACCESS1-0_rcp45 30.04 11.28 3.66 2.58 0.84 
ACCESS1-0_rcp85 27.71 12.67 5.30 3.01 2.60 
ACCESS1-3_rcp45 27.53 13.15 6.24 5.17 4.35 
ACCESS1-3_rcp85 24.93 9.59 2.68 1.35 0.55 
CCSM4_rcp26 63.67 34.80 17.55 13.52 5.46 
CCSM4_rcp45 44.24 20.10 6.84 4.76 3.03 
CCSM4_rcp60 52.49 27.71 15.45 10.00 4.73 
CCSM4_rcp85 60.86 36.37 21.51 14.69 5.91 
CESM1-BGC_rcp45 34.25 14.35 5.95 3.47 2.07 
CESM1-BGC_rcp85 45.75 24.61 14.43 11.09 5.38 
CMCC-CM_rcp45 19.23 10.64 4.47 2.66 5.30 
CMCC-CM_rcp85 17.54 8.67 2.74 1.22 4.08 
CMCC-CMSR_rcp45 26.67 14.24 4.81 1.33 4.92 
CMCC-CMSR_rcp85 34.76 15.43 4.00 1.83 2.77 
CNRM-CM5_rcp26 44.43 17.52 4.25 1.90 0.92 
CNRM-CM5_rcp45 45.81 17.59 7.69 5.43 2.80 
CNRM-CM5_rcp85 40.50 16.29 3.76 0.44 2.01 
CSIRO-Mk3-6-0_rcp26 21.67 5.71 1.43 1.29 2.99 
CSIRO-Mk3-6-0_rcp45 18.95 4.12 1.03 0.55 5.23 
CSIRO-Mk3-6-0_rcp60 20.19 5.79 2.17 1.65 4.32 
CSIRO-Mk3-6-0_rcp85 18.33 3.73 0.63 0.52 4.44 
EC-EARTH_rcp26 51.68 24.82 9.05 4.13 3.22 
EC-EARTH_rcp45 43.78 19.78 5.22 2.77 3.18 
EC-EARTH_rcp85 44.73 20.01 7.11 3.82 2.20 
HadGEM2-AO_rcp26 14.36 6.27 1.56 0.92 2.86 
HadGEM2-AO_rcp45 11.61 6.81 3.24 1.53 5.53 
HadGEM2-AO_rcp60 14.13 6.10 1.66 0.40 2.26 
HadGEM2-AO_rcp85 19.57 8.03 1.62 0.81 2.21 
HadGEM2-CC_rcp45 24.38 12.05 4.88 1.86 3.50 
HadGEM2-CC_rcp85 23.32 11.58 4.13 2.23 3.98 
HadGEM2-ES_rcp26 15.71 8.82 3.63 2.07 5.47 
HadGEM2-ES_rcp45 13.58 7.08 2.64 0.91 4.40 
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Model scenario L1 
[mm/d] 
L2 L3 L4 Di 
HadGEM2-ES_rcp60 22.92 12.48 4.94 2.80 5.16 
HadGEM2-ES_rcp85 16.66 7.79 3.26 2.84 4.21 
MPI-ESM-LR_rcp26 14.04 9.70 5.31 3.04 6.76 
MPI-ESM-LR_rcp45 12.39 8.08 3.36 1.20 6.53 
MPI-ESM-LR_rcp85 14.99 9.37 3.47 0.96 6.35 
MPI-ESM-MR_rcp26 11.76 6.52 1.87 0.76 5.81 
MPI-ESM-MR_rcp45 15.97 9.39 3.02 0.62 6.04 
MPI-ESM-MR_rcp85 18.05 9.30 3.35 2.28 4.90 
NorESM1-M_rcp26 29.07 12.66 4.01 2.65 2.25 
NorESM1-M_rcp45 26.58 10.38 2.11 0.69 1.34 
NorESM1-M_rcp60 29.27 9.45 1.32 1.23 0.51 
NorESM1-M_rcp85 27.57 10.57 1.32 0.26 2.42 
inmcm4_rcp45 9.05 3.75 1.46 0.87 1.70 
inmcm4_rcp85 9.39 3.90 1.69 1.03 2.38 
inmcm4_esmControl 10.42 4.85 2.40 1.77 3.77 
inmcm4_piControl 13.88 7.13 3.15 1.49 3.99 
inmcm4_esmrcp85 13.67 7.00 3.19 1.62 3.97 
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Table C-3 KS-statistic for PE3 distribution of P1, P2 and P3 data for all 40 
reserved model scenarios. Green cells indicate scenarios with KS-statistic higher 
than the critical value at 5% significance level (0.2417). 
Model scenario P1 (2010-2039) P2 (2040-2069) P3 (2070-2099) 
ACCESS1-0_rcp45 0.1384 0.1284 0.0998 
ACCESS1-0_rcp85 0.1252 0.1576 0.1267 
ACCESS1-3_rcp45 0.1356 0.0972 0.1416 
ACCESS1-3_rcp85 0.2502 0.1338 0.1182 
CESM1-BGC_rcp45 0.0942 0.252 0.1608 
CESM1-BGC_rcp85 0.1104 0.1993 0.0879 
CMCC-CM_rcp45 0.1429 0.2613 0.0751 
CMCC-CM_rcp85 0.185 0.1114 0.1187 
CMCC-CMSR_rcp45 0.1258 0.14401 0.1172 
CMCC-CMSR_rcp85 0.0979 0.11001 0.137 
CNRM-CM5_rcp26 0.1945 0.14183 0.0898 
CNRM-CM5_rcp45 0.1181 0.15679 0.1361 
CNRM-CM5_rcp85 0.0992 0.1064 0.094 
CSIRO-Mk3-6-0_rcp26 0.1121 0.0834 0.0992 
CSIRO-Mk3-6-0_rcp45 0.1374 0.0873 0.0944 
CSIRO-Mk3-6-0_rcp60 0.094 0.0955 0.0909 
CSIRO-Mk3-6-0_rcp85 0.0873 0.1286 0.0971 
EC-EARTH_rcp45 0.0952 0.1712 0.1043 
EC-EARTH_rcp85 0.0766 0.2568 0.0669 
HadGEM2-AO_rcp26 0.139 0.128 0.0936 
HadGEM2-AO_rcp45 0.1293 0.1326 0.1073 
HadGEM2-AO_rcp60 0.1449 0.1698 0.1794 
HadGEM2-AO_rcp85 0.1704 0.1714 0.1325 
HadGEM2-CC_rcp45 0.1424 0.2154 0.1382 
HadGEM2-CC_rcp85 0.1335 0.1627 0.1765 
HadGEM2-ES_rcp26 0.1041 0.1548 0.0752 
HadGEM2-ES_rcp45 0.1254 0.1265 0.2078 
HadGEM2-ES_rcp60 0.1241 0.1902 0.1228 
HadGEM2-ES_rcp85 0.1964 0.1701 0.1418 
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Model scenario P1 (2010-2039) P2 (2040-2069) P3 (2070-2099) 
MPI-ESM-MR_rcp26 0.2077 0.1723 0.1763 
MPI-ESM-MR_rcp85 0.0927 0.1142 0.1421 
NorESM1-M_rcp26 0.1078 0.0993 0.0919 
NorESM1-M_rcp45 0.1985 0.0763 0.1294 
NorESM1-M_rcp60 0.0647 0.0604 0.0867 
NorESM1-M_rcp85 0.1487 0.0996 0.0982 
inmcm4_rcp45 0.1377 0.0942 0.1424 
inmcm4_rcp85 0.1394 0.1448 0.0751 
inmcm4_esmControl 0.1904 0.1441 0.1219 
inmcm4_piControl 0.088 0.2192 0.1233 
inmcm4_esmrcp85 0.1332 0.2192 0.1247 
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Figure C-1 Overview of CMIP5 scenarios. Number of excluded scenarios through each 
step and the final accepted scenarios 
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Figure C-2 The number of scenarios of reserved and excluded (from both Screening I 
and Screening II) CMIP5 models 
 
 
Table C-4   The median, 95%, 90% and 68% confidence interval of 360 000 ensemble 
of rate-of-change of P2 (2040-2069) and P1 (2010-2039). 
 
ARI (year) Median 
95% CI 
(2.5/97.5- 
percentile) 
90% CI 
(5/95- 
percentile) 
68% CI 
(16/84- 
percentile) 
1 -0.41 -11.70 9.15 -6.49 3.98 -2.42 0.63 
2 0.06 -0.58 1.40 -0.51 1.02 -0.30 0.48 
5 0.08 -0.51 1.14 -0.43 0.89 -0.23 0.48 
10 0.10 -0.53 1.30 -0.45 1.02 -0.26 0.55 
20 0.11 -0.57 1.53 -0.49 1.19 -0.29 0.64 
25 0.11 -0.57 1.61 -0.50 1.25 -0.31 0.67 
50 0.12 -0.60 1.82 -0.53 1.41 -0.34 0.75 
100 0.12 -0.63 2.02 -0.56 1.56 -0.36 0.83 
500 0.13 -0.67 2.42 -0.60 1.87 -0.41 0.98 
1000 0.13 -0.68 2.57 -0.62 1.98 -0.42 1.03 
10000 0.14 -0.72 3.00 -0.66 2.30 -0.46 1.18 
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Figure C-3 Observed and estimated growth curve. The OBS is the observed data 
for Qatar in the Rainfall I study. Median, CI_68%, CI_90% and CI_95% are the 
median, 68% confidence interval, 90% confidence interval and 95% confidence 
interval of 360 000 ensemble of rate-of-change of P2 (2040-2069) and P1 (2010-
2039) 
 
Figure C-4 The 360 000 sets of Rp1-p3,i,k (T) together with their median, the 
68%, 90% and 95% confidence interval (CI) 
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Table C-5 The median, 95%, 90% and 68% uncertainty range of 360 000 
ensemble of rate-of-change of P3 (2070-2099) and P1 (2010-2039) 
ARI 
(year) 
Median CI_95% CI_90% CI_68% 
1 -0.64 -10.49 8.08 -5.78 3.49 -2.29 0.58 
2 0.14 -0.49 1.52 -0.40 1.17 -0.20 0.60 
5 0.11 -0.46 1.25 -0.37 0.95 -0.18 0.50 
10 0.10 -0.51 1.32 -0.42 1.00 -0.22 0.52 
20 0.09 -0.56 1.44 -0.47 1.08 -0.26 0.57 
25 0.09 -0.58 1.48 -0.49 1.11 -0.27 0.58 
50 0.08 -0.62 1.61 -0.53 1.20 -0.30 0.63 
100 0.08 -0.65 1.72 -0.56 1.29 -0.33 0.68 
500 0.07 -0.70 1.96 -0.61 1.47 -0.38 0.77 
1000 0.07 -0.71 2.05 -0.62 1.54 -0.40 0.80 
10000 0.07 -0.75 2.32 -0.66 1.74 -0.44 0.89 
 
 
Figure C-5  Observed and estimated growth curve. The OBS is the observed data 
for Qatar in the Rainfall I study. Median, CI_68%, CI_90% and CI_95% are the 
median, 68% confidence interval, 90% confidence interval and 95% confidence 
interval of 360 000 ensemble of rate-of-change of P3 (2070-2099) and P1 (2010-
2039) 
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Figure C-6 Rate-of-change between P2 and P1, together with the rate-of-change 
between P3 and P1, ARI of 2-year to 100-year. 
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Figure C-7 Mean - Standard Deviation Plot of Regional 
Observations, P1 Data and Bootstrap Samples 
 
Blue square: Data from the regional observations;  
Blue point: sample mean of the data from the regional observations;  
Pink point: 1000 bootstrap samples of the P1 data;  
Red point: P1 data (2010-2039);  
Inner ellipse: the best fit ellipse of the regional observations;  
Outer dashed line ellipse: major and minor axes increase by four of the inner ellipse. 
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